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CHAPTER 1: LITERATURE REVIEW 
 
History of CRISPR Cas 
 CRISPR Cas9 is an RNA guided, DNA endonuclease (Jinek et al., 2012) that is 
used for targeted mutagenesis. What would eventually become known as CRISPR Cas9 
began with the discovery in 1987 of 5 nearly identical sequences arranged as direct repeats, 
each 29 nucleotides in length and containing a dyad symmetry of 14 base pairs, with 32 
nucleotides intervening each direct repeat (Ishino et al., 1987). Mentioned in the final 
paragraph of the paper, these direct repeats were found by chance while sequencing the iap 
gene and flanking sequences in Escherichia coli. Although their function was unknown at 
the time these direct repeats with intervening spacer sequences were seen in various 
sequencing projects of bacteria (Hermans et al., 1991; Masepohl et al., 1996; Nelson et al., 
1999), and of archaea (Bult et al., 1996; Kawarabayasi et al., 1999; Kawarabayasi et al., 
1998; Klenk et al., 1997; Mojica et al., 1993; Mojica et al., 1995; Sensen et al., 1998). In 
2002 the sequence databases had grown large enough for comparative analysis of these 
direct repeats. Jansen et al. (2002a) found that direct repeats separated by spacer sequences 
were present in roughly half of all sequenced bacteria species, and almost all archaea with 
the exception of Thermoplasma acidophylum. They were not found in eukaryotes or viruses 
(Jansen et al., 2002a). Jansen et al. (2002b) would give the direct repeats the name 
‘Clustered Regularly Interspaced Short Palindromic Repeats’, or CRISPR, as well as 
discover 4 CRISPR-associated (cas) genes associated with the CRISPR locus. 
 An overexpression experiment involving the CRISPR locus led to altered 
distribution of the genome in daughter cells, leading Mojica et al. (1995) to hypothesize 
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that CRISPR was involved in replicon partitioning during mitosis. Later, due to the 
prevalence of CRISPR Cas in thermophilic organisms, it was predicted to be involved in 
the yet undiscovered mechanism of DNA repair in those organisms (Guy et al., 2004; 
Makarova et al., 2002). However a sequence analysis of the spacer sequences of CRISPR 
Cas in E. coli revealed that about 65% of the spacer sequences corresponded to viral or 
plasmid DNA (Mojica et al., 2005). A similar analysis in the bacterium Yersinia pestis also 
revealed homology of the spacer sequences with bacteriophage DNA (Pourcel et al., 2005). 
These discoveries led to the hypothesis that CRISPR Cas was involved in prokaryotic 
acquired immunity to bacteriophage and plasmid DNA. In addition to the cas1-4 genes 
(Jansen et al., 2002b), three more cas genes, cas1B, cas5, and cas6 were discovered 
(Bolotin et al., 2005). Cas5 was determined to be a putative nuclease, which lead to two 
hypotheses. One, that Cas5 is involved in the insertion of spacer sequences within the 
CRISPR locus and that CRISPR Cas acted in bacteriophage defense by coding anti-sense 
RNA (Bolotin et al., 2005). Another, that CRISPR Cas functions in defense of the organism 
in a manner analogous to RNAi in eukaryotes (Makarova et al., 2006).     
 Evidence that CRISPR Cas acts in prokaryotic defense against bacteriophages came 
in 2007 using Streptococcus thermophilus and associated phages (Barrangou et al., 2007). 
By inserting or deleting spacer sequences in the CRISPR locus which were specific to the 
associated phages, Barrangou et al. (2007) was able to impart or remove resistance to those 
phages. In 2008 it was shown that CRISPR RNA (crRNA) serves as a guide for Cas protein 
mediated viral interference, and it was hypothesized to target viral DNA (Brouns et al., 
2008). Evidence showing that CRISPR Cas targets DNA, rather than RNA (Marraffini and 
Sontheimer, 2008), seemed to contradict the hypothesis that CRISPR Cas functions 
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similarly to eukaryotic RNAi. However Hale et al. (2009) discovered a subtype which 
targeted RNA, underscoring the diversity of CRISPR systems.  
 A protospacer is the DNA sequence within the viral or plasmid DNA which 
becomes the spacer when it is inserted into the CRISPR locus at a position proximal to an 
AT-rich leader sequence (Wang et al., 2015). In 2009 protospacer adjacent motif (PAM) 
sequences, at the time hypothesized to be necessary for the acquisition of spacers (Bolotin 
et al., 2005; Deveau et al., 2008; Horvath et al., 2008), were discovered to be conserved 
among CRISPR types (Mojica et al., 2009). In 2010 cleavage of invading viral or plasmid 
DNA was shown to be the mechanism of defense in vivo (Garneau et al., 2010). 
 The method of processing the initial CRISPR transcript, the pre-crRNA, was shown 
to be diverse as well, eventually leading to the classification of three types of CRISPR 
systems, I, II, III, based partially on their method of processing pre-crRNA. In type I 
systems, Cas proteins known as the CRISPR-associated complex for antiviral defense 
(Cascade) are responsible for cleaving the pre-crRNA into mature crRNAs (Brouns et al., 
2008; Haurwitz et al., 2010). In type III systems, Cas6 is responsible for the initial cleavage, 
before passing the not yet mature crRNA onto another Cas complex, either Csm in DNA 
targeting systems, or Cmr in RNA targeting systems (Carte et al., 2008; Hale et al., 2009; 
Wang et al., 2011). 
 In contrast to types I and III, type II CRISPR systems process the pre-crRNA by 
means of a trans-encoded crRNA (tracrRNA) which is complementary to the repeat 
sequences of the pre-crRNA. This allows cleavage of the pre-crRNA by the dsRNA 
specific ribonuclease RNaseIII in the presence of Cas9 (Deltcheva et al., 2011). A chimeric 
tracrRNA:crRNA called the single guide RNA (sgRNA) is able to function similarly to the 
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wild type system (Jinek et al., 2012). Furthermore, it has been shown that Cas9 is the only 
Cas protein necessary for crRNA maturation and target DNA interference in type II 
CRISPR systems (Barrangou et al., 2007; Garneau et al., 2010; Jinek et al., 2012; 
Sapranauskas et al., 2011). Because the Cas9 protein and the sgRNA are the only 
components necessary for the type II system to function, the type II system CRISPR Cas9 
has been widely adopted by researchers and it is the CRISPR system used in this study.  
 
Applications of the CRISPR Cas System 
 The first reported use of engineered CRISPR Cas to modify a select locus of an 
organism’s genome was in 2013 using human and mouse cells (Cong et al., 2013; Jinek et 
al., 2013; Mali et al., 2013). In addition to creating DSBs which may lead to InDels via the 
non-homologous end joining (NHEJ) repair pathway, Cong et al. (2013) also added 
endonuclease restriction sites to their target site via homology-directed repair (HDR). This 
was accomplished by supplying the homology repair template DNA along with the 
CRISPR Cas9 system (Cong et al., 2013).  
 In addition to human and mice, CRISPR Cas has been used in a variety of animal, 
bacteria, and fungi species. In rats, Li et al. (2013b) successfully knocked out three genes 
in the Tet family by microinjection of the sgRNA and Cas9 into single-celled embryos, and 
they established that the mutations were transmissible to the next generation. Targeted 
mutations using CRISPR Cas9 were also created in rabbits (Yang et al., 2014), frogs 
(Nakayama et al., 2013), zebrafish (Hwang et al., 2013), Drosophila (Bassett et al., 2013), 
Caenorhabditis elegans (Friedland et al., 2013), silkworm (Wang et al., 2013), yeast 
(DiCarlo et al., 2013; Ryan et al., 2014), and the bacterial species Streptococcus 
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pneumoniae and E. coli (Jiang et al., 2013a). More recently Crispo et al. (2015) have 
knocked out the myostatin gene in sheep, and Zou et al. (2015) have knocked out the 
myostatin gene in the Beagle dog breed, creating overly muscled Beagles. Yang et al. 
(2015) have successfully inactivated all copies of the zoonotic pathogenic PERV element 
in pigs used in xenotransplantation, reducing the infectivity one thousand fold in human 
cells.  
 The first plant species in which CRISPR Cas9 was used were Arabidopsis 
(Arabidopsis thaliana), tobacco (Nicotiana benthamiana), rice (Oryza sativa), and wheat 
(Triticum aestivum). In three separate correspondences in 2013 researchers reported 
various uses of CRISPR Cas9 in plants (Li et al., 2013a; Nekrasov et al., 2013; Shan et al., 
2013). Since 2013 CRISPR Cas9 has been reported to create transient mutations in plants 
via the NHEJ repair pathway. In Arabidopsis Li et al. (2013a) tested CRISPR Cas9 in 
protoplasts, as well as multiplex CRISPR (two or more sgRNA used at the same time) in 
leaf tissue via Agroinfiltration. In tobacco CRISPR Cas9 was tested in protoplasts and in 
leaves (Li et al., 2013a; Nekrasov et al., 2013), and in the leaves of common tobacco 
(Nicotiana tabacum), as well as N. benthamiana (Jiang et al., 2013b; Upadhyay et al., 
2013). N. tabacum was also used to test multiplex CRISPR in protoplasts (Gao et al., 2014). 
The cultivar ‘Valencia’ of the orange plant (Citrus sinensis) utilized CRISPR Cas9 in leaf 
tissue by inoculating first with Xcc (Xanthomonas citri subspecies citri) and then with 
Agrobacterium tumefaciens (Jia and Wang, 2014). 
 CRISPR Cas9 has also been utilized to create transient mutations in plants via the 
HDR repair pathway. This was reported in Arabidopsis (Feng et al., 2013), and in tobacco 
(Li et al., 2013a), using protoplasts. 
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 Stable mutations via the NHEJ repair pathway mediated by CRISPR Cas9 have 
been reported as well. Several studies in Arabidopsis used Agrobacterium transformation 
by the floral dip method. These used either multiplex CRISPR (Mao et al., 2013), or 
showed heritable mutations (Fauser et al., 2014; Feng et al., 2013; Jiang et al., 2014; Schiml 
et al., 2014). Gao et al. (2014) used Agrobacterium mediated transformation of leaf discs 
from six week old common tobacco plants. In tomato (Solanum lycopersicum) CRISPR 
Cas9 mediated mutations knocked out the transgene expressing the green fluorescent 
protein (GFP) in transgenic tomato plants which have a hairy roots phenotype, after being 
transformed with CRISPR Cas9 by Agrobacterium rhizogenes (Ron et al., 2014). Brooks 
et al. (2014) reported heritable mutations using Agrobacterium mediated transformation of 
tomato cotyledons with multiplex CRISPR. Liverwort (Marchantia polymorpha) 
sporelings were transformed with CRISPR Cas9 via Agrobacterium (Sugano et al., 2014), 
and in soybean plants (Glycine max) CRISPR Cas9 was used to successfully knock out a 
GFP and bialaphos resistance (bar) transgene, as well as the endogenous genes GmFEI2, 
GmSHR, and Glyma07g14530, and the homoeologous pair, Glyma01g38150 and 
Glyma11g07220, using multiplex CRISPR (Cai et al., 2015; Jacobs et al., 2015). 
 Stable mutations via the HDR repair pathway mediated by CRISPR Cas9 have also 
been reported. Using Agrobacterium floral dip mediated transformation with CRISPR 
Cas9 in Arabidopsis, Fauser et al. (2014) repaired a stably integrated β-glucuronidase 
(GUS) reporter gene whose open reading frame (ORF) was disrupted by a CRISPR Cas9 
target site, Mao et al. (2013) repaired stably integrated GUS and yellow florescent protein 
(YFP) reporter genes whose ORFs were disrupted by a CRISPR Cas9 target site, and 
Schiml et al. (2014) introduced the neomycin phosphotransferase II gene (nptII) into the 
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endogenous alcohol dehydrogenase 1 gene (ADH1), imparting kanamycin resistance. In 
soybean the HDR repair pathway mediated the insertion of the hygromycin 
phosphotransferase (HPT) gene into the genome at 2 loci on the chromosome 4 short arm, 
DD20 and DD43, and HDR repair was also used to edit the soybean acetolactate synthase 
1 (ALS1) gene to create a chlorsulfuron resistant plant (Li et al., 2015). 
 
Applications of the CRISPR Cas System in Poaceae 
 As noted above, the first grass species in which CRISPR Cas9 was used were rice 
and wheat (Shan et al., 2013). Both are important agronomic crops, and it is notable that 
wheat is an allohexaploid (AABBDD). The initial report was a transient transfection of 
protoplasts in which CRISPR Cas9 mediated mutations were caused by the NHEJ repair 
pathway (Shan et al., 2013), as well as a separate report which transfected immature 
embryos with CRISPR Cas9 and multiplex CRISPR Cas9 (Upadhyay et al., 2013). 
Subsequent stable transformation of wheat with CRISPR Cas9 via particle bombardment 
produced mutations in MLO-A1 (mildew resistance locus) via the NHEJ repair pathway 
(Wang et al., 2014). Also of note, the target site selected in the prior study contained a SNP 
in the homoeoalleles, from C in MLO-A1 to G in MLO-B1 and MLO-D1 two base pairs 
upstream of the PAM site. This mismatch in the first two base pairs of the seed sequence 
would be detrimental to CRISPR Cas9 function according to our current understanding 
(Jiang et al., 2015), and could explain why there were no CRISPR Cas9 caused mutations 
discovered in homoeoalleles MLO-B1 and MLO-D1 (Wang et al., 2014).  
 In rice initial reports of CRISPR Cas9 mediated mutations via the NHEJ and the 
HDR repair pathways were of transient mutations in protoplasts (Shan et al., 2013; Xie 
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and Yang, 2013), as well as multiplex CRISPR Cas9 (Zhou et al., 2014). Stable 
mutations via the NHEJ repair pathway by transformation of callus tissue via particle 
bombardment were also reported (Miao et al., 2013; Shan et al., 2013). Agrobacterium 
mediated transformation produced stable mutations via the NHEJ repair pathway (Feng et 
al., 2013; Mao et al., 2013; Miao et al., 2013; Xu et al., 2014), and Zhou et al. (2014) 
reported transmission of the mutation to progeny.  
 The creation of plants with targeted mutations that do not contain any transgenes is 
one of the objectives of CRISPR Cas9 research for agronomic crops. Mutations 
transmittable to the progeny in rice was reported by Zhou et al. (2014) and Xu et al. (2015) 
reported that segregation of the transgene and the heritable mutation did occur in the T1 
generation. Also of importance for agronomic crops is the ability to introduce precise 
mutations into genes for purposes other than creating knockouts. Sun et al. (2016) created 
rice plants resistant to the herbicide bispyribac sodium (BS) by using multiplex CRISPR 
to flank the ALS1 gene. By providing a repair template they successfully created point 
mutations by the HDR repair pathway (Sun et al., 2016). Woo et al. (2015) incubated 
purified Cas9 protein and sgRNAs, i.e. ribonucleoproteins (RNPs), with rice protoplasts in 
the presence of polyethylene glycol (PEG). The RNPs mediated transient mutations in the 
protoplasts via the NHEJ repair pathway without the introduction of a transgene (Woo et 
al., 2015). 
 There have been fewer studies with CRISPR Cas9 in corn (Zea mays) than in rice. 
The first use of CRISPR Cas9 was with protoplasts and successfully targeted the three 
genes involved in the synthesis of PA (phytic acid, inositol 1,2,3,4,5,6-hexakisphosphate), 
an anti-nutritional compound and environmental pollutant which cannot be digested by 
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monogastric animals, ZmlPK1A, ZmlPK, and ZmMRP4 (Liang et al., 2014). Svitashev et 
al. (2015) have also successfully edited the acetolactate synthase 2 (ALS2) gene in corn, 
conferring resistance to the herbicide chlorsulfuron, and inserted the maize optimized 
phosphinotricin acetyl transferase (MoPAT) gene conferring bialaphos resistance via the 
HDR repair pathway. Additionally, to date there has only been one reported use of CRISPR 
Cas9 in sorghum (Sorghum bicolor) (Jiang et al., 2013b).  
 Recently a novel application of CRISPR Cas9 has emerged in plants. Instead of 
using CRISPR Cas9 for targeted mutagenesis within the host’s genome, stable integration 
of the CRISPR Cas9 system into the genome has conferred immunity to select viral 
invaders in a manner similar to the native system in prokaryotes. Stably integrated CRISPR 
Cas9 mediated immunity to the geminiviruses BSCTV (beet severe curly top virus), BeYDV 
(bean yellow dwarf virus), and TYLCV (tomato yellow leaf curl virus) was accomplished 
in Arabidopsis and tobacco (Ali et al., 2015; Baltes et al., 2015; Ji et al., 2015). Use of 
CRISPR Cas9 in this manner would impose the regulatory hurdles common for transgenic 
crops as presence of the CRISPR Cas9 transgene would be required for immunity.    
 
Thesis Organization 
 This thesis is organized into three chapters. Chapter one is a review of the literature 
relevant to this thesis. Chapter two is a manuscript of research into using the gene editing 
tool CRISPR Cas9 in the tetraploid switchgrass cultivar ‘Alamo’. Chapter three is the 
conclusions drawn from the research presented in chapter two. Paul Britten Merrick was 
the primary investigator and author for this work under the supervision of Dr. Shuizhang 
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Fei. The vectors pBY02-OsCas9-ccdB, pENTR4:gRNA4, and the FTx2 tRNA construct 
were provided by Dr. Bing Yang.    
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CHAPTER 2: TARGETED MUTAGENESIS IN SWITCHGRASS 
 
Introduction 
 
CRISPR Cas9 
 Clustered regularly interspaced short palindromic repeats (CRISPR) and CRISPR 
associated (cas) genes is an RNA guided DNA endonuclease system which provides 
acquired immunity to foreign plasmid and bacteriophage DNA in prokaryotic species 
(Jinek et al., 2012). The CRISPR locus consists of cas genes, a leader sequence, and 
tandemly arrayed repeat-spacer sequences (Fig. 1). CRISPR Cas acts by incorporating 
foreign DNA fragments (protospacers) into the CRISPR locus at a position proximal to the 
AT-rich leader sequence (Barrangou et al., 2007; Deveau et al., 2008; Horvath et al., 2008; 
Jansen et al., 2002b; Wang et al., 2015) (Fig. 1). Protospacers are selected by recognition 
of the protospacer adjacent motif (PAM) and after incorporation protospacers are termed 
spacers (Wang et al., 2015). The repeat-spacer sequences are then transcribed into CRISPR 
RNA (crRNA) which base pairs with the foreign DNA (Fig. 2). The crRNA also guides 
the endonuclease to the correct target via interaction between the Cas protein and secondary 
RNA structures formed in the crRNA (Fig. 2) (Jinek et al., 2012). CRISPR Cas9 is a 
CRISPR system which contains only the components necessary for targeted DNA 
mutagenesis, which includes a single Cas protein, Cas9, and a single guide RNA (sgRNA). 
CRISPR Cas9 is a molecular tool used for creating targeted nucleotide insertions or 
deletions (InDels), single nucleotide polymorphisms (SNPs), or even exogenous gene 
insertions in DNA. 
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How CRISPR Cas9 Works 
 CRISPR Cas9 is an RNA guided, DNA endonuclease (Jinek et al., 2012). The 
dsDNA which CRISPR Cas9 is intended to cut is referred to as the ‘target DNA’, the 
recognition site on the target DNA is referred to as the ‘target site’ (Fig. 2). The presence 
of a PAM with the sequence NGG on the target DNA is necessary in order for CRISPR 
Cas9 to function (Barrangou et al., 2007; Bolotin et al., 2005; Deveau et al., 2008; Mojica 
et al., 2009). The target site must encompass the section of dsDNA whose ssDNA which 
shares the sugar-phosphate backbone with the PAM is immediately upstream of that PAM 
(Fig. 2). The distinction between the strand upstream of the PAM and the complementary 
strand is important because the PAM is involved in Cas9 recognition of the target DNA 
and Cas9 only recognizes the sequence NGG and not the complement (Jinek et al., 2012). 
For clarity, the ssDNA of the target DNA which shares the sugar-phosphate backbone with 
the PAM will be referred to as the noncomplementary strand, while the opposite strand will 
be referred to as the complementary strand (Fig. 2).     
 The components of CRISPR Cas9 are a Cas9 endonuclease and sgRNA. The 
sgRNA is a chimeric RNA strand based on the native tracrRNA:crRNA duplex in which 
the 3′ end of the crRNA has been fused to the 5′ end of the tracrRNA (Jinek et al., 2012). 
At its 5′ end the sgRNA contains a guide strand whose sequence matches the 
noncomplementary strand of the target site on the target DNA, thus the guide strand of the 
sgRNA base pairs with the complementary strand (Fig. 2). The first 10 base pairs of the 
guide strand which base pair with the section of the complementary strand that is proximal 
to the PAM is known as the seed sequence (Fig. 2) and mismatches in the seed sequence 
is detrimental to CRISPR Cas9 function (Jinek et al., 2012; Semenova et al., 2011; 
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Wiedenheft et al., 2011), however mismatches in the section distal to the PAM can be 
tolerated (Cong et al., 2013; Hsu et al., 2013; Jiang et al., 2013a). At its 3′ end the sgRNA 
also contains a hairpin structure similar to the tracrRNA:crRNA duplex found in the native 
system which is necessary for sgRNA association with Cas9 (Jinek et al., 2012).     
 After transcription of the CRISPR transgene and translation of the Cas9 protein, 
Cas9 and the sgRNA bind causing a conformational shift in Cas9 which enable it to 
recognize the PAM sequence in the target dsDNA via a CTD (C-terminal domain) (Jiang 
et al., 2015; Jinek et al., 2012; Jinek et al., 2014). Once a PAM sequence is encountered 
Cas9 begins to unwind the target dsDNA to allow invasion by the first two base pairs of 
the seed sequence (Jiang et al., 2015). Successful base pairing between these first two base 
pairs with the target DNA causes further conformational changes to the Cas9 which 
continues to unwind the target dsDNA to allow invasion by the rest of the seed sequence 
(Jiang et al., 2015). Successful base pairing by the complete seed sequence causes further 
conformational changes to the Cas9 which again continues to unwind the target dsDNA to 
allow invasion by the rest of the guide strand RNA (Jiang et al., 2015). Complete or near 
complete base pairing between the entire guide strand RNA and the target DNA causes the 
conformational change in the Cas9 necessary for dsDNA cleavage (Jiang et al., 2015; Jinek 
et al., 2012). The Cas9 RuvC-like nuclease domain cleaves the noncomplementary strand 
3 base pairs upstream of the PAM sequence while the HNH (histidine-asparagine-histidine) 
domain cleaves the complementary strand 3 base pairs downstream from the sequence 
which is complementary to the PAM, CCN (Fig. 2) (Jinek et al., 2012).  
21 
 
 Once the double strand break (DSB) is made in the target DNA, nucleotide 
insertions or deletions (InDels) are created when the cell repairs the break by the error-
prone repair method nonhomologous end joining (NHEJ) (Wilson et al., 1982).   
 
Switchgrass 
 Switchgrass (Panicum virgatum L.) is a perennial grass species native to North 
America. It is rhizomatous, and there are two ecotypes, upland and lowland. Tetraploid 
(2n=4x=36) and octoploid (2n=8x=72) are the two common ploidy levels within each 
ecotype (Hopkins et al., 1996; Hultquist et al., 1996; Hultquist et al., 1997). However the 
ploidy levels range from diploid to dodecaploid (2n=18, 36, 54, 72, 90, 108) (Brunken and 
Estes, 1975), but as long as the ploidy levels are the same, upland and lowland ecotypes 
are sexually compatible (Martinez - Reyna et al., 2001). There is also widespread 
aneuploidy among switchgrass populations (Costich et al., 2010), and switchgrass is 
naturally cross pollinated and is highly self-incompatible (Martinez - Reyna and Vogel, 
2002). Switchgrass is a C4 plant and thus has a reduced amount of photorespiration (Wedin, 
2004), this allows C4 plants to outyield C3 plants in temperate and warm regions 
(Lewandowski et al., 2003). 
 Switchgrass has a wide range of uses. On the Great Plains of the United States it 
has been used as a forage grass in pastures and rangelands for over 60 years, and has 
become increasingly important on pastures in the central and eastern United States over the 
past 20 years (Vogel, 2004). Its use on pastures has primarily been to support beef herds 
and it can be cut for hay (Vogel, 2004). Switchgrass has also been used to dampen the 
effects of agriculture on the environment. It is used to conserve soil by acting as a grass 
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hedge within a row crop system (Dabney et al., 2012), and is effective at removing the 
commonly used broadleaf herbicide Atrazine (Albright III et al., 2013). Switchgrass is also 
effective at reducing nitrate leaching while improving soil health (Minick et al., 2014). 
 Increasing greenhouse gas emissions due to the use of fossil fuels has had a negative 
impact on the climate, with an estimated increase in global temperature of 6 °C if no action 
is taken (Leal et al., 2013). In an effort to combat this increase in greenhouse gas emissions, 
especially CO2, the use of biofuels as a replacement for petroleum based fuels in 
transportation has been proposed (Fulton et al., 2005). The majority of biofuels produced 
thus far have been from sugar and starch, which have traditionally been food sources 
(Edgerton, 2009). This has led to some difficulties as these first generation biofuels have 
been associated with the loss of biological diversity and detrimental land use change (Karp 
and Richter, 2011; Kole et al., 2012), additionally the demand for grain for human 
consumption worldwide is expected to increase roughly 15% over the next decade (FAPRI, 
2008). However as second generation biofuels are lignocellulosic based they would not 
compete with traditional sources of food (Cherubini, 2010). Switchgrass is attractive as a 
second generation biofuel because it is high yielding and grows well on marginal land that 
is not normally used for traditional agronomic crops (Nageswara-Rao et al., 2013). Because 
of this switchgrass was named a model bioenergy crop by the U.S. Department of Energy 
in 1991 (Wright et al., 1992), thus the establishment of an effective breeding program 
would be of great importance. 
  Switchgrass has a high degree of aneuploidy (Costich et al., 2010), and is highly 
self-incompatible (Martinez - Reyna and Vogel, 2002). Due to the self-incompatible nature 
of switchgrass the development of inbred lines, with which to take advantage of heterosis, 
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becomes difficult. This difficulty makes the creation of a reliable molecular tool to assist 
in the development of switchgrass biofuel cultivars all the more important.  
 
Genes Chosen 
 Four genes were chosen for CRISPR Cas9 targeting, Flowering Locus T (FT), 
APETALA 1 (AP1), Brassinosteroid Receptor Insensitive 1 (BRI1), and Phosphoglycerate 
Mutase (PGM).  
 FT and AP1 are involved in flowering in Arabidopsis. In the leaf, Constans (CO) 
mRNA is stabilized by light and the CO protein induces transcription of FT (Turck et al., 
2008). The FT protein moves through the phloem to the shoot apical meristem (SAM) 
where it interacts with the bZIP transcription factor Flowering Locus D (FD) (Abe et al., 
2005; Wigge et al., 2005). AP1 is a floral meristem identity gene which is potentially 
activated by the binding of the FT/FD dimer to the promoter of AP1 via the DNA binding 
domain of FD (Turck et al., 2008). Additionally, biomass production in switchgrass has 
been increased in plants which were non-flowering due to the overexpression of the 
mircroRNA miR156b, which is involved in apical dominance and floral transition (Fu et 
al., 2012). Therefore, knockouts of either FT or AP1 are expected to delay or halt the 
flowering response and thus increase biomass production.  
 BRI1 codes for a brassinosteroid receptor; brassinosteroids are involved in plant 
growth and development. BRI1 mutants show a dwarfed phenotype which are not able to 
be rescued by exogenous brassinosteroid application (Clouse et al., 1996). Knockout of the 
BRI1 gene is expected to show a dwarfed phenotype that is easy to detect and can be used 
to show that CRISPR Cas9 is effective at creating targeted mutations in switchgrass.    
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 PGM codes for the enzyme phosphoglycerate mutase (PGM), which catalyzes the 
reversible step of 3-phosphoglycerate to 2-phosphoglycerate in the glycolysis pathway 
(Jedrzejas, 2000). In Arabidopsis PGM is highly expressed in the root and shoot apical 
meristems (Mazarei et al., 2003), and double PGM mutants in Arabidopsis show severely 
impaired growth, fail to produce pollen, and show defects in the energy-requiring processes 
of stomatal movements (Zhao and Assmann, 2011). Knockout of the PGM gene is expected 
to show a dwarfed phenotype that is easy to detect and can be used to show that CRISPR 
Cas9 is effective at creating targeted mutations in switchgrass.     
 
Objectives of Research 
 Switchgrass has great potential in the production of lignocellulosic based biofuels. 
Future breeding programs must work towards that potential. The development of a 
molecular tool for breeding purposes will be important for any switchgrass breeding 
program due to the fact that switchgrass is highly self-incompatible, and has a high degree 
of aneuploidy. So far, the majority of work with CRISPR Cas9 has been in diploid species, 
thus it remains to be seen how effective CRISPR Cas9 will be in a tetraploid switchgrass 
cultivar.  
 One of the benefits of using a gene targeting system like CRISPR Cas9 is the 
potential to modify a plant via transgene, then by means of traditional breeding, segregate 
the desired modification from the CRISPR Cas9 transgene (Voytas and Gao, 2014). This 
process has already been reported in rice (Xu et al., 2015), and it has the potential of 
reducing the cost of bringing transgenic products to market by reducing the amount of 
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regulatory requirements. Showing that CRISPR Cas9 is able to work in switchgrass is the 
first step in this process. 
 Therefore the objectives of this research were to first determine if CRISPR Cas9 is 
effective at creating targeted mutations in 4 different genes in a tetraploid cultivar of 
switchgrass. Then to characterize the mutations on each allele, heterozygous if at least one 
but not all alleles contain InDels, homozygous if all alleles contain InDels, and to 
characterize the mutant plants for phenotypic changes. Predicted phenotypic changes are a 
change in flowering time (FT or AP1), and developmental changes which would produce 
a dwarfed phenotype (BRI1 or PGM). Additionally, the use of a transfer RNA (tRNA) 
processing system in rice has recently been shown to boost the multiplex capability of 
CRISPR (Xie et al., 2015). To determine whether a tRNA processing system functions in 
the maturation of sgRNAs in switchgrass, two sgRNAs containing FT target strands were 
arranged tandemly, interspersed with the tRNA transcript sequence, and were placed under 
a single promoter. 
 
Materials and Methods 
 
Gene Isolation 
 As the genome of switchgrass has already been sequenced (DOE-JGI; Goodstein 
et al., 2012; Haas et al., 2003; Salamov and Solovyev, 2000; Smith et al.; Yeh et al., 2001) 
the purpose of isolating and sequencing the targeted genes was to obtain a more accurate 
sequence for target dsDNA selection and the corresponding construction of the guide 
strand of the sgRNA in CRISPR-Cas9.  
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 The DNA template used was extracted from switchgrass plants of the ‘Alamo’ 
cultivar maintained in the Horticulture Department greenhouse under high pressure sodium 
lamps. Primers for PCR were designed based on the corresponding annotated genes in 
Phytozome (www.phytozome.net). The following primers and thermocycler settings were 
used: FT gene forward primer GCATGACACCAACTAGCAGC, reverse primer 
CCACCCTGCATCATCCATCA, AP1 gene forward primer 
ATTTGCAGCTGGAGCATGAC, reverse primer GCCATATTCATCTCCCCAGT, BRI1 
gene forward primer CACACCTGAGTGTGTCCACC, reverse primer 
CTTGTCGGTGAGGTCTTGCT, PGM gene forward primer 
CATTCCAGGAGTCTGCAACA, reverse primer AGGACGCTGCTGCTATCATT; 
initial denature at 98 °C for 5 minutes, then 30 cycles of denaturing at 98 °C for 30 seconds, 
annealing at 55 (FT, AP1, and BRI1) or 60 (PGM) °C for 30 seconds, extension at 72 °C 
for 1 minute, then a final extension at 72 °C for 5 minutes. The PCR amplicons were 
cleaned using a Gel/PCR DNA Fragments Extraction Kit (Vogelstein and Gillespie, 1979), 
from IBI Scientific (IB47020, Peosta, IA, USA), for sequencing. Sanger sequencing was 
carried out by the DNA facility at Iowa State University (http://www.dna.iastate.edu/) 
using the Applied Biosystems 3730xl DNA Analyzer. The results were aligned with the 
sequences obtained from Phytozome using the BLAST tool from the NCBI’s webpage 
http://www.ncbi.nlm.nih.gov/ (Wheeler et al., 2007).  
 
Design of CRISPR Cas9 
 DNA targets were 19-21 base pairs in length and chosen manually from within exon 
regions of the isolated genes. Two ssDNA oligos per target site were constructed. A coding 
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strand, whose sequence matched the noncomplementary strand of the target DNA, and thus 
also matched the sgRNA guide strand; as well as a complementary strand which was able 
to base pair with the coding strand. The complementary strand served as the DNA template 
for sgRNA transcription in vivo. These DNA oligos contained either BsaI or BtgZI 
restriction site overhangs to enable directional cloning. Experiments performed in this 
study were undertaken using either one guide strand of the sgRNA, denoted as Cas9:FT 
(for example), or as a multiplex system containing two guide strands, denoted Cas9:FTx2 
(Table 1). All Cas9:FT constructs contain DNA oligos with BsaI overhangs. All Cas9:FTx2 
constructs contain the same DNA oligo as Cas9:FT, plus the oligo with a BtgZI overhang.  
 In addition to being immediately upstream of a PAM sequence, target site selection 
took into account the preference the U6 promoter has for a G nucleotide at the 5′ end (not 
including the restriction site overhangs). In cases where a G was unavailable in the 
appropriate spot in the target DNA, a 5′ G was added to the DNA oligo for transcription 
efficiency purposes, and the length of the target site was reduced to 19 base pairs. 
 
Construction of CRISPR Cas9 
 The type II CRISPR Cas system from Streptococcus pyogenes was assembled using 
Gateway® cloning technology (Hartley et al., 2000). The empty destination vector 
(pBY02-OsCas9-ccdB) and empty entry vector (pENTR4:gRNA4) were obtained from Dr. 
Bing Yang’s lab (Figs. 3 and 4). The entry vector was constructed by first linearizing it by 
digesting the empty vector with BsaI or by digesting the entry vector containing the BsaI 
guide strand with BtgZI for 16 hours at 37 °C and gel cleaning it with the Gel/PCR DNA 
Fragments Extraction Kit from IBI Scientific. Concurrently, the ssDNA guide strand oligos 
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containing either BsaI or BtgZI overhangs (Table 2) were annealed to each other and 
phosphorylated, in preparation for ligation, by incubating with T4 Polynucleotide Kinase 
from Promega (M4101, Madison, WI, USA) for 16 hours at 37 °C. The dsDNA guide 
strand oligos containing either BsaI or BtgZI overhangs were then ligated into either the 
linearized empty entry vector or the linearized entry vector containing the BsaI guide strand 
by incubating with T4 DNA ligase from Promega (M1801) for 16 hours at 16 °C using the 
thermocycler. The entry plasmid containing the guide strand(s) (entry:guide) was then 
transformed into competent DH5α Escherichia coli via the heat shock method. Five µL of 
the entry:guide plasmid was added to 50 µL of DH5α E. coli, which had been stored at -80 
°C, and the mixture was incubated on ice for 30 minutes in a microcentrifuge tube. The 
tube was placed in a 42 °C water bath for 1 minute, then immediately placed on ice for 2 
minutes, after which 950 µL LB medium was added to the tube. The tube was placed in a 
shaker at 37 °C for 30-60 minutes at 150 rpm. The tube was then centrifuged at 14,000 rpm 
for 1 minute at room temperature and 900 µL of supernatant was discarded. The remaining 
supernatant was used to resuspend the cells and was plated onto solid LB media containing 
50 mg L-1 of kanamycin as a selection agent. Colony PCR was used to confirm insertion 
of the entry:guide plasmid into DH5α E. coli. Primers used for vectors containing the BsaI 
guide strand were forward primer: GGCGAGAGAAGCCTAGTGTG, and reverse primer: FT, 
AP1, BRI1, or PGM complementary strand with the BsaI overhang (Table 2). For vectors 
containing both the BsaI and BtgZI guide strands, primers used were forward primer: FT, 
AP1, BRI1, or PGM coding strand with the BtgZI overhang (Table 2), and reverse primer: 
FT, AP1, BRI1, or PGM complementary strand with the BsaI overhang (Table 2). 
Thermocycler settings were initial denaturing at 98 °C for 5 minutes, 30 cycles of 
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denaturing at 98 °C for 30 seconds, annealing at 55 °C for 30 seconds, extension at 72 °C 
for 1 minute, then a final extension at 72 °C for 5 minutes. A single colony was then 
propagated by culturing for 16 hours at 37 ° in 5 mL liquid LB medium with 5 µL 
kanamycin. The entry:guide plasmid was extracted using Mini Plasmid Kit from IBI 
Scientific (IB47101, Peosta, IA, USA). Elution buffer was incubated at 65 °C for a 
minimum of 10 minutes before using 50 µL to elute the plasmid DNA.   
 After construction and propagation of the entry:guide vector it was again 
linearized by digesting with ApaI for 16 hours at 25 °C and gel cleaned using Gel/PCR 
DNA Fragments Extraction Kit from IBI Scientific. The purpose of this step is to 
increase the efficiency of the LR Clonase reaction (Hartley et al., 2000). The sgRNAs of 
the entry:guide vector containing the attL1 and attL2 attachment sites (Fig. 4) were then 
ligated into the Cas9 containing destination vector at the attR1 and attR2 attachment sites 
(Fig. 3), 8 µL of linearized entry:guide plasmid was mixed with 1 µL empty Cas9 
plasmid along with 1 µL LR Clonase and incubated for 16 hours at 25 °C. The 
Cas9:guide plasmid was again transformed, selected, and propagated in DH5α E. coli in 
the same manner as the entry:guide plasmid. Cas9:guide plasmid DNA was transformed 
into Agrobacterium strain C58C1 for plant transformation experiments. The CRISPR 
transgene consists of a rice optimized Cas9 gene under a maize ubiquitin promoter (Fig. 
3), as well as two sgRNAs containing guide strands specific to target sites on each gene 
(Table 1), under a U6 promoter (Fig. 4). 
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Plant Materials 
 The lowland switchgrass cultivar ‘Alamo’ was used in this study. Seed used in this 
study was first washed using Clorox® commercial bleach (6.0% sodium hypochlorite) by 
submerging 3-5 g switchgrass seed in 40 mL bleach in a 50 mL beaker. A drop of Tween 
20 was added and the mixture was placed on a shaker at 75 rpm at room temperature for 4 
hours. After 4 hours the mixture was moved to the flow hood where the bleach was 
decanted. Seeds were then rinsed a minimum of 3 times with ddH2O. To decant the ddH2O 
a sterilized piece of filter paper was formed into a closed funnel which served to catch the 
seeds and allow the water to drip into a 50 mL centrifuge tube. After rinsing the seeds were 
allowed to air dry for several hours before being placed on callus induction medium (see 
APPENDIX for composition). 
 
Induction of Embryogenic Callus 
 Type II embryogenic callus (Fig. 5) was used for all plant transformation 
experiments. It is described as soft, friable, rapidly growing, and highly regenerative 
(Burris et al., 2009). By contrast, Type I is slow growing, compact, and white to light 
yellow in color (Burris et al., 2009). Embryogenic callus was produced from seed by 
culturing them on callus induction medium (MS) for 6-12 weeks (Murashige and Skoog, 
1962). As embryogenic calli were formed they were kept together and propagated with 
callus pieces produced from the same seed. This formed callus lines of identical genetic 
backgrounds. Calli were subcultured every 3-4 weeks on maintenance medium (see 
APPENDIX for medium composition).  
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Genetic Transformation-Agrobacterium Infection, Desiccation, and Resting 
 Prior to being used in genetic transformation via Agrobacterium, embryogenic calli 
were subcultured onto fresh maintenance medium 10 days beforehand to ensure calli were 
actively growing. Agrobacterium C58C1 were prepared by culturing them in liquid LB 
medium supplemented with 50 mg L-1 kanamycin, 50 mg L-1 rifamycin, and 100 mg L-1 
gentamycin on a shaker for 16 hours in 3 mL, which was subsequently cultured into 50 mL 
LB medium for 16 hours, at 28 °C at 150 rpm. The culture was then centrifuged at 4,000 
rpm for 10 minutes at room temperature, the supernatant was discarded, and the cell pallet 
was re-suspended in an Agrobacterium resuspension medium containing 200 µM 
Acetosyringone until the solution reached an O.D. measurement of 0.7-0.8 at 650.0 nm. 
Acetosyringone increases the effectiveness of Agrobacterium infection (Sheikholeslam 
and Weeks, 1987). The calli were then submerged in this solution in a covered petri plate 
and placed on a shaker at 75 rpm at room temperature for 10 minutes. The solution was 
withdrawn with a pipette. The calli were placed on top of 5 stacked sterilized filter papers 
within a petri dish. It was sealed, and placed in the dark for 3 days at 24 °C for desiccation 
treatment which has been shown to significantly improve the transformation efficiency of 
‘Alamo’ switchgrass and other plant species (Cheng et al., 2003; Li and Qu, 2010). All 
steps were undertaken in the flow hood, or were covered to maintain a sterile environment. 
 Desiccation treated calli were moved to a resting medium (see APPENDIX for 
composition) for 3-7 days. The resting medium contained 200 µM Acetosyringone as well 
as 150 mg L-1 Timentin (Phytotechnology, Overland Park, KS) to inhibit Agrobacterium 
growth (Zimmerman, 1995).  After culturing on resting medium, the calli were cultured on 
selection medium. Care was taken to divide larger pieces into smaller ones so that the 
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selection agent was more uniformly spread across all callus pieces in order to minimize the 
occurrence of escapes. 
  
Selection of Hygromycin-Resistant Callus 
 Two selection schemes were used for the present study. In the first selection 
scheme, calli were moved from resting medium to selection medium containing 100 mg L-
1 hygromycin for 3-4 weeks. Surviving callus were then transferred to the new selection 
medium containing 200 mg L-1 hygromycin. When being transferred callus tissue was 
again divided into smaller pieces and calli from the same event were kept together. After 
3-4 weeks on new selection medium, calli that were actively growing were placed on 
regeneration medium (Fig. 6) and placed in a growth chamber with a light intensity of 140 
µM m-2 s-1 at a photoperiod of 16/8 hours light/dark and a temperature of 25 °C (Li and Qu, 
2010). 
 In the second selection scheme calli from the resting medium were transferred to 
the selection medium containing 100 mg L-1 hygromycin for 4-6 weeks for a single round 
of selection. Actively growing calli were moved onto regeneration medium in the same 
manner as described above. This scheme was used later on in the project and its purpose 
was to save time and resources as it had been noticed that nearly all surviving callus moved 
from selection medium containing 100 mg L-1 hygromycin continued to thrive when they 
were cultured on selection medium containing 200 mg L-1 hygromycin. 
 The amount of time hygromycin resistant calli remain on regeneration medium 
varied among callus lines between 2-4 months. Initially, shoots ~2 cm long were moved to 
the rooting medium (see APPENDIX for medium composition) for another 2-3 weeks for 
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rooting. After roots took hold plantlets were moved to soil and into the greenhouse (Fig. 
20). However if calli were left on the regeneration medium for a longer period of time 
shoots started to develop roots (Fig. 6) without the need of moving into the rooting medium. 
As these plantlets also thrived in the greenhouse alongside those who had formed roots in 
rooting medium, use of the rooting medium was discontinued. After discontinuation of the 
use of rooting medium, the hygromycin concentration in the regeneration medium was 
increased from 20 mg L-1 to 50 mg L-1 to minimize escapes. 
 
Characterization of Transgenic Plants 
 All transgenic events were characterized by DNA sequencing. DNA was extracted 
either from leaf or callus tissue, or in a few instances, from albino plantlets. Sequencing of 
callus tissue could potentially save time and resources as non-mutated calli need not be 
regenerated. DNA extraction from both callus and leaf tissue was done with CTAB buffer. 
 A PCR screen was used to verify the insertion of the CRISPR transgene before 
further characterization (Fig. 7). Forward primers were FT, AP1, BRI1, or PGM coding 
strand with the BsaI overhang (Table 2), the reverse primer was Cas9R, 
CCTGTTGTCAAAATACTCAA, which lies on the destination vector downstream of the 
attR2 (Fig. 3). Alternatively, hptF, GCGAAGAATCTCGTGCTTTC, and hptR, 
TCTACACAGCCATCGGTCCAG, were also used as forward and reverse primers. They 
lie on the hygromycin resistance HPT gene (Gritz and Davies, 1983; Kaster et al., 1983) 
carried on the destination vector (Fig. 3). Positive controls for the PCR screen (Fig. 7A, 
C, D) were plasmids of the CRISPR constructs, and negative controls used DNA 
extracted from untransformed plants/callus tissue corresponding to the callus lines used 
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in all transformation experiments. The negative controls showed no bands with hptF and 
hptR primers (Fig. 7F). Thermocycler settings were initial denaturing at 98 °C for 5 
minutes, then 30 cycles, 98 °C denaturing for 30 seconds, 55 °C annealing for 30 
seconds, 72 °C extension for 1 minute, then a final extension of 5 minutes. 
 To sequence transgenic plants, the genes of interest were amplified using the 
following primers: FT gene forward GCATGACACCAACTAGCAGC, reverse 
CCACCCTGCATCATCCATCA, AP1 gene forward ATTTGCAGCTGGAGCATGAC, 
reverse GCCATATTCATCTCCCCAGT, BRI1 gene forward 
CACACCTGAGTGTGTCCACC, reverse CTTGTCGGTGAGGTCTTGCT, PGM gene 
forward CATTCCAGGAGTCTGCAACA, reverse AGGACGCTGCTGCTATCATT. 
The thermocycler settings were: initial denaturing at 98 °C for 5 minutes, then 30 cycles, 
98 °C denaturing for 30 seconds, annealing at 55 (FT, AP1, and BRI1) or 60 (PGM) °C 
for 30 seconds, 72 °C extension for 1 minute, then a final extension of 5 minutes. The 
PCR products used for sequencing were cleaned using ExoSAP-IT (Werle et al., 1994) 
by incubating 5 µL PCR product, 4 µL ddH2O, and 1 µL ExoSAP-IT at 37 °C for 30 
minutes. Sanger sequencing was carried out by the DNA facility at Iowa State University 
(http://www.dna.iastate.edu/) using the Applied Biosystems 3730xl DNA Analyzer. 
Sequence results were aligned against the sequence of the untransformed control to look 
for InDels and electropherograms were analyzed for double peaks that could indicate a 
heterozygous InDel.     
 T7 endonuclease (Center and Richardson, 1970a, b; Sadowski, 1971) was also used 
to screen PCR products for potential InDels before sequencing. The T7 endonuclease 
cleaves looped or hairpin DNA which occur when the PCR amplicons of imperfectly 
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matched alleles that anneal to each other. This annealing is accomplished by slowly 
dropping the temperature from a high denaturing temperature. The denaturing temperature 
was 95 °C for 2 minutes, which was then dropped to 85 °C by 2 °C second-1, and then to 
25 °C by 0.1 °C second-1. The T7 endonuclease was then added and incubated at 37 °C for 
20 minutes and the product was visualized on an agarose gel. 
 The PCR product used for sequencing was cloned to verify putative mutations 
which were originally seen as double peaks in the electropherogram, as well as to determine 
the exact number of InDels. The areas of interest were PCR amplified in the same manner 
as for sequencing and cleaned with ExoSAP-IT. The PCR product was then incubated with 
T4 DNA ligase and pGEM®-T Easy vector from Promega (A1360, Madison, WI, USA) 
for 16 hours at 4 °C. The E. coli strain DH5α was transformed by the pGEM®-T Easy 
vector by heat shock, and incubated with SOC medium (see APPENDIX for composition). 
After incubation the mixture was plated onto LB medium containing 100 mg L-1 ampicillin, 
1 mM IPTG, and 200 mg L-1 X-Gal for propagation and blue/white screening. White 
colonies were propagated in 5 mL liquid LB medium containing 5 µL ampicillin for 16 
hours at 37 °C in a shaker at 150 rpm. Plasmid extraction was carried out using the Mini 
Plasmid Kit from IBI Scientific and the plasmid was sequenced to confirm the mutation in 
the allele. 
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Results 
 
Mutations Due to CRISPR Cas9 
 A total of 77 transgenic events were sequenced (Table 3), transgene insertion was 
verified by PCR (Fig. 7A-F). One event in experiment #13 contained a one base pair 
deletion in the PGM target DNA, most likely a heterozygous deletion. Discovery of the 
deletion occurred during analysis of the electropherogram after sequencing of the PCR 
amplified PGM target DNA. Double peaks in the electropherogram start 3 base pairs 
upstream from the PAM sequence (Fig. 8). Cloning of the amplicons from the target DNA 
revealed a single base pair deletion (Fig. 9). Digestion with T7 endonuclease also showed 
the presence of an InDel (Fig. 10). 
 
FT 
 Fifty PCR confirmed transgenic events in which CRISPR Cas9 targeted the FT 
gene were sequenced (Table 3). Three transgenic events were obtained using Cas9:FT with 
no mutations. Thirty five transgenic events were obtained using Cas9:FTx2 and no 
mutations were found. Twelve transgenic events were obtained using Cas9:FTx2 tRNA 
and no mutations were found. The transformation efficiency in experiments targeting the 
FT gene averaged 11.3% (Table 4). A total of 1,031 calli were challenged on selection 
medium with 117 putatively transgenic calli obtained. 
 
 
 
37 
 
AP1 
 Fifteen PCR confirmed transgenic events in which CRISPR Cas9 targeted the AP1 
gene were sequenced (Table 3). All 15 events used Cas9:AP1 and no mutations were found. 
Twelve of the events were sequenced from DNA extracted from callus tissue transformed 
with Cas9:AP1 with no mutations. The transformation efficiency in experiments targeting 
the AP1 gene averaged 18.8% (Table 4). A total of 143 calli were challenged on selection 
medium with 27 putatively transgenic calli obtained. 
 
BRI1 
 Two PCR confirmed transgenic events in which CRISPR Cas9 targeted the BRI1 
gene were sequenced (Table 3). Both events used Cas9:BRI1 and DNA was extracted from 
albino plantlets, no mutations were found. The transformation efficiency in experiments 
targeting the BRI1 gene averaged 21.5% (Table 4). A total of 172 calli were challenged on 
selection medium with 37 putatively transgenic calli obtained. 
 
PGM 
 Ten PCR confirmed transgenic events in which CRISPR Cas9 targeted the PGM 
gene were sequenced (Table 3). Five of the events used Cas9:PGM with 1 mutation. The 
other five used Cas9:PGMx2 with no mutations. Two of the events were sequenced from 
DNA extracted from albino plantlets transformed with Cas9:PGM with no mutations, and 
4 of the events were sequenced from DNA extracted from callus tissue transformed with 
Cas9:PGMx2 with no mutations. The event which contained the mutation was sequenced 
from plant tissue and was transformed with Cas9:PGM. The transformation efficiency in 
38 
 
experiments targeting the PGM gene averaged 6.1% (Table 4). A total of 276 calli were 
challenged on selection medium with 17 putatively transgenic calli obtained. 
 
Discussion 
 CRISPR Cas9 has proven to be a useful tool for genetic manipulation in plant 
species and will most likely be used in commercial products. Given the negative effects of 
climate change resulting from the use of fossil fuels which produce carbon dioxide 
emissions the need for carbon neutral fuel make the development of switchgrass lines tailor 
made for lignocellulosic biofuels increasingly attractive. The use of molecular tools in 
switchgrass breeding programs would provide greater capabilities to the breeder, in much 
the same way that molecular tools have given agronomic and horticultural crop breeders a 
more diverse set of genetic ability in their plants. CRISPR Cas9 is an easy to use, effective 
molecular tool and the establishment of a protocol for its use in switchgrass will enhance 
the capabilities of switchgrass breeding programs. 
 The use of callus tissue for transformation is labor intensive, however selection of 
transformed calli is simple as untransformed callus will show no growth or even death (Fig. 
11). Genotype of individual callus lines was the main source of experimental failure, either 
due to an inability to regenerate into whole, green plants, or resistance to Agrobacterium 
mediated transformation, 18 experiments in this study failed to regenerate plants.  
 When callus tissue is used in switchgrass transformation, a transformation event is 
defined as when the CRISPR transgene is inserted into a single cell, imparting hygromycin 
resistance. From this single cell a clump of hygromycin resistant calli will grow. All calli 
produced from this single event were kept/labeled together during the initial hygromycin 
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challenge. The assumption is that all resistant callus tissue in a single clump originated 
from a single successful transformation event, and has the same genetic background, 
including transgene insertion. If that is the case, there are still several possible outcomes of 
CRISPR Cas9 mediated mutations with respect to the individual plants obtained from a 
single event. If CRISPR Cas9 either creates InDels across all four alleles destroying all 
four target sites before cell division of the single cell, or if the CRISPR Cas9 transgene is 
silenced before cell division of the single cell, then all plants derived from the callus should 
be genetically identical. 
 If the cell divides before CRISPR Cas9 is silenced and before all the target sites are 
mutated, then the daughter cells will have the potential for obtaining new mutations at those 
unmutated target sites. Because these daughter cells will be independent the new mutations 
caused will not necessarily be identical in each daughter cell. Thus plants derived from 
these daughter cells may contain different mutations at the same locus. 
 The possibility exists that more than one successful event occurred and contributed 
to the resistant callus tissue in a single clump. If that is the case then the two (or more) 
initial cells will be modified by CRISPR Cas9 independently and may contain unique 
InDels, in addition to the possibility that either cell might divide before CRISPR Cas9 is 
silenced and before all the target sites are mutated.  
 The PCR screen for the presence of the CRISPR Cas9 transgene revealed positive 
results in all events sequenced (Fig. 7A-E). Weak bands were seen in experiment #4, callus 
line 13, Cas9:FTx2, events 4, 7, 8, and 10 using FT coding strand with BsaI overhang as 
the forward primer, and Cas9R as the reverse primer (Fig. 7A). The PCR screen was run 
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again for these events using hptF as the forward primer and hptR as the reverse primer, 
which yielded strong bands (Fig. 7E).  
 Double peaks in the electropherogram of the sequencing of experiment #13, 
Cas9:PGM, event 1, plant 1 gave the first indication of a CRISPR Cas9 caused InDel (Fig. 
8). The pattern of the double peaks indicated that it was a one base pair deletion. The double 
peaks begin 3 base pairs upstream of the PAM sequence, where the Cas9 protein makes a 
double strand break, and where they would be expected to begin if the InDel was in fact a 
single base pair deletion. Additionally, the double peaks appear to be shifted upstream from 
the wild type sequence by a single base pair, which also suggests a single base pair deletion. 
 Further evidence of a mutation came from the T7 endonuclease assay (Fig. 10). The 
T7 assay cleaves looped dsDNA, caused by the slow annealing of mismatched ssDNA 
strands. In this T7 assay a cleaved fragment is seen below the non-cleaved PCR product. 
This is because the mutation site would provide a cut site producing PCR fragments which 
are 122 base pairs and 379 base pairs long (Fig. 10). The 122 base pairs long fragment is 
likely too faint to be seen, while the 379 base pairs long fragment is faintly visible. This is 
most likely due to the fact that the T7 assay is less efficient at cleaving looped DNA that 
is caused by only a 1 base pair difference. Furthermore, no extra bands are seen in the 
mutated DNA (1, 1-1, 1D) without digestion by T7 endonuclease, nor with the 
untransformed DNA run with T7 digestion. The presence of the cleaved PCR product and 
the relative weakness of the non-cleaved PCR product digested with T7 compared to the 
non-digested PCR product indicates the presence of an InDel. 
 The small size of the double peaks from the electropherograms as well as the results 
from the T7 endonuclease assay are possible indications that the mutation occurred on a 
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single allele. Cloning of the PCR amplicons from experiment #13, Cas9:PGM, event 1, 
plants 1 and 1A and sequencing of the plasmid confirmed that the InDel was a single base 
pair deletion (Fig. 9). Out of 10 plasmids sequenced from plant 1 and 9 from plant 1A, only 
one in each showed this deletion (Fig. 13), which also suggests that the mutation occurred 
on only 1 allele.  
 Besides the original plant (plant 1) from event 1 of experiment #13 in callus line 3 
targeting the gene PGM using Cas9:PGM, there were 4 other plants from that same event 
that showed the same double peak pattern characteristic of the single base pair deletion 
(Figs. 14-17). Plants 1A, 1B, 1C, and 1D from experiment #13, event 1 targeting the gene 
PGM using Cas9:PGM, likely also have a CRISPR Cas9 mediated heterozygous mutation. 
This is supported by the lack of a similar pattern of double peaks in the electropherogram 
from the untransformed control DNA from callus line 3 (Fig. 18), as well as the T7 
endonuclease results for plant 1D (Fig. 10), and the cloning results for plant 1A (Fig. 9).  
 This study also provides further evidence of the ability of CRISPR Cas9 to function 
despite mismatches between the guide sequence of the sgRNA and the target DNA (Cong 
et al., 2013; Hsu et al., 2013; Jiang et al., 2013a).  The Cas9:PGM guide strand contains a 
mismatch in the 18th nucleotide distal to the PAM (Fig. 19). Because it is not the first two 
nucleotides of the seed sequence (Jiang et al., 2015) nor a part of the 10 base pair seed 
sequence, the mismatch should not be detrimental to CRISPR Cas9 function (Jinek et al., 
2012; Semenova et al., 2011; Wiedenheft et al., 2011). Indeed the evidence presented here 
backs up that assertion as CRISPR Cas9 was able to make a double strand break despite 
the mismatch. 
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 Although the mutation frequency was very low, there is evidence supporting the 
claim that CRISPR Cas9 can work in the tetraploid switchgrass cultivar ‘Alamo’. 
Optimization of the Cas9 protein for expression in switchgrass and substituting it for the 
rice optimized Cas9 used in this study may help increase the mutation frequency. Although 
rice and switchgrass are related species, with both belonging to the grass family, even a 
small increase in expression level may be beneficial.  
 Isolation of a switchgrass ubiquitin promoter and substitution for the maize 
ubiquitin promoter, which currently drives transcription of Cas9, may also help increase 
the mutation frequency. Maize is also a grass and also closely related to switchgrass, yet 
Cas9 expression in switchgrass, driven by a switchgrass ubiquitin promoter, is likely to be 
higher than one driven by a maize ubiquitin promoter.  
 In this study eight guide sequences were built and six were ultimately used in an 
experiment that produced sequencing data. The mutation frequency was low, and only seen 
at one target site, despite the fact that there was an average of 12.2% transformation 
efficiency across all experiments (Table 4). Experiments targeting the BRI1 gene had the 
highest efficiency at 21.5% (Table 4). Experiment #7, in callus line 13, targeting the FT 
gene with Cas9:FTx2 produced a transformation efficiency of 38.2% and obtained 31 
putatively transgenic events, the highest transformation efficiency of any single experiment 
(Table 4). Yet interestingly enough the lowest transformation efficiency came from 
experiments targeting the PGM gene, averaging just 6.1% (Table 4), yet it is in the PGM 
gene that the only mutation is detected. This suggests that the choice of target site may be 
more consequential beyond requiring the presence of a PAM sequence in switchgrass.  
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 Transgene silencing may also be a factor in the low mutation frequency. Given the 
polyploid and highly methylated (Sharma et al., 2012) nature of switchgrass, if the CRISPR 
transgene is consistently methylated across experiments before CRISPR Cas9 is able to 
create DSBs, then a low mutation frequency would be expected. Because there is evidence 
of CRISPR Cas9 mediated mutation and there are 77 transgenic events (Table 3) it is 
unlikely that the Cas9 protein or any other component is lethal to switchgrass. However it 
is not determined if homozygous or heterozygous InDels in the alleles of the genes targeted 
in this study, with the possible exception of heterozygous InDels in PGM, are lethal. 
Heterozygous InDels are unlikely to be lethal, and homozygous InDels should be rare, thus 
it is unlikely that InDels in the targeted genes had a significant effect on the mutation rate. 
 
Takeaways 
 In transformation experiments #1, #2, and #13 events were not numbered and kept 
separate after the first round of selection, but rather, due to a design error, transformation 
events were not annotated and separated until plants were grown in the greenhouse. The 
number of defined events from those experiments can only be considered one each (Table 
3), despite the fact that 112, 18, and 19 individuals were sequenced (either with plant or 
callus tissue) from experiments #1, #2, and #13 respectively (Table 5). These experiments 
were not counted in determining transformation efficiency (Table 4). 
 Agrobacterium overgrowth (Fig. 12) can be a problem if proper care is not taken to 
prevent it. Eight experiments were lost completely due to overgrowth. It was determined 
that the most likely cause of this overgrowth is failure to properly dry the calli during 
desiccation which allowed significantly greater numbers of bacteria to survive than would 
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normally be expected. To remedy this the number of sterilized pieces of stacked filter paper 
was increased from 3 to 5. No overgrowth was seen after increasing the number of filter 
papers used in desiccation. 
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Tables 
Table 1.  Target Site Sequences 
 
* = 5′ G added to guide sequence, is not present in the DNA target 
  
 
 
  
Cas9:FT GGGACCCGCTGATTGTTGGC 
Cas9:FTx2 
GGGACCCGCTGATTGTTGGC 
GCCCAAGCGACCCCAACCTT 
Cas9:AP1 GCAGTACTTGATCCAAATAT 
Cas9:AP1x2 
GCAGTACTTGATCCAAATAT 
GCCAGCAACTGGAGCAACAAC 
Cas9:BRI1 GAAGGTCATGGCAATGTTCA 
Cas9:BRI1x2 
GAAGGTCATGGCAATGTTCA 
GTGTTGCTCGAGCTGCTCAC 
Cas9:PGM G*CACGGAGCTGGTGGTGGTG 
Cas9:PGMx2 
G*CACGGAGCTGGTGGTGGTG 
GATCAGGAGCTGAACGAAAC 
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Table 2.           ssDNA Guide Strand Oligos   
 
Coding and complementary sequences of ssDNA guide strand oligos with either BsaI or 
BtgZI overhangs for FT, AP1, BRI1, and PGM targets 
 
 
  
FT 
BsaI 
Coding GTGTGGGACCCGCTGATTGTTGGC 
Complementary 
AAACGCCAACAATCAGCGGGTCCC 
BtgZI 
Coding TGTTGCCCAAGCGACCCCAACCTT 
Complementary AAACAAGGTTGGGGTCGCTTGGGC 
AP1 
BsaI 
Coding GTGTGCAGTACTTGATCCAAATAT 
Complementary AAACATATTTGGATCAAGTACTGC 
BtgZI 
Coding TGTTGCCAGCAACTGGAGCAACAAC 
Complementary AAACGTTGTTGCTCCAGTTGCTGGC 
BRI1 
BsaI 
Coding GTGTGAAGGTCATGGCAATGTTCA 
Complementary AAACTGAACATTGCCATGACCTTC 
BtgZI 
Coding TGTTGTGTTGCTCGAGCTGCTCAC 
Complementary AAACGTGAGCAGCTCGAGCAACAC 
PGM 
BsaI 
Coding GTGTGCACGGAGCTGGTGGTGGTG 
Complementary AAACCACCACCACCAGCTCCGTGC 
BtgZI 
Coding TGTTGATCAGGAGCTGAACGAAAC 
Complementary AAACGTTTCGTTCAGCTCCTGATC 
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Table 3.           Sequenced Transformation Events  
 
Using Cas9:FT, Cas9:FTx2, or Cas9:FTx2 tRNA (experiments #1-9); using Cas9:AP1 
(experiments #10&11); using Cas9:BRI1 (experiment #12); using either Cas9:PGM or 
Cas9:PGMx2 (experiments #13-15); #13 3 PGM contains a single base pair deletion in at 
least one of the alleles of the PGM gene 
 
Experiment # Callus Line Cas9: # of Events Sequenced 
1 13 FT 1 
2 E FT 1 
3 C FT 1 
4 13 FTx2 22 
5 C FTx2 3 
6 C FTx2 2 
7 13 FTx2 8 
8 13 FTx2 tRNA 10 
9 13 FTx2 tRNA 2 
Total # of sequenced events targeting FT: 50 
10 13 AP1 2 
11 C AP1 13 
Total # of sequenced events targeting AP1: 15 
12 13 BRI1 2 
Total # of sequenced events targeting BRI1: 2 
13 3 PGM 1 
14 13 PGMx2 5 
15 13 PGM 4 
Total # of sequenced events targeting PGM: 10 
Total # of events: 77 
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Table 4.           Transformation %  
 
Transformation % of experiments targeting the FT gene (experiments #1-9); targeting the 
AP1 gene (experiments #10&11); targeting the BRI1 gene (experiment #12); targeting the 
PGM gene (experiments #13-15)  
NA-See Takeaways 
 
 
Experiment # Callus line 
# of calli on 
selection 
# of calli 
putatively 
transformed 
Transformation % 
1 13 NA NA NA 
2 E NA NA NA 
3 C 34 8 23.5% 
4 13 96 22 19.7% 
5 C 129 10 7.7% 
6 C 160 25 15.6% 
7 13 81 31 38.2% 
8 13 272 14 5.1% 
9 13 259 7 2.7% 
Total FT  transformation % Total: 1031 Total: 117 Average: 11.3% 
10 13 70 5 7.1% 
11 C 73 22 30.1% 
Total AP1  transformation % Total: 143 Total: 27 Average: 18.8% 
12 13 172 37 21.5% 
Total BRI1  transformation % Total: 172 Total: 37 Average: 21.5% 
13 3 NA NA NA 
14 13 169 7 4.1% 
15 13 107 10 9.3% 
Total PGM  transformation % Total: 276 Total: 17 Average: 6.1% 
Total transformation % Total: 1622 Total: 198 Average: 12.2% 
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Table 5.           Total # of Individuals Sequenced 
 
Total # of individuals from all experiments sequenced from plant or callus tissue and the 
total # of confirmed mutations 
 
 
 
Experiment # Callus Line Cas9: 
# of individuals 
sequenced 
# confirmed 
mutations 
1 13 FT 112 0 
2 E FT 18 0 
3 C FT 1 0 
4 13 FTx2 43 0 
5 C FTx2 3 0 
6 C FTx2 2 0 
7 13 FTx2 12 0 
8 13 FTx2 tRNA 11 0 
9 13 FTx2 tRNA 2 0 
Total # of individuals from FT experiments 
sequenced | # of confirmed mutations: 
204 0 
10 13 AP1 9 0 
11 C AP1 13 0 
Total # of individuals from AP1 experiments 
sequenced | # of confirmed mutations: 
22 0 
12 13 BRI1 2 0 
Total # of individuals from BRI1 experiments 
sequenced | # of confirmed mutations: 
2 0 
13 3 PGM 19 5 
14 13 PGMx2 6 0 
15 13 PGM 4 0 
Total # of individuals from PGM experiments 
sequenced | # of confirmed mutations: 
29 5 
Total # of individuals from all experiments 
sequenced | # of confirmed mutations: 
257 5 
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Figures 
 
 
 
Figure 1. The CRISPR Locus   
 
The CRISPR locus conists of cas genes which code for the Cas proteins that are invloved 
in spacer acquisition and interference of foreign DNA. The leader sequence is an AT-rich 
region which acts as a promoter as well as an insertion site for new spacer sequences. The 
repeat sequences are involved in RNA-Cas protein interaction and the spacer sequences 
serve as RNA guides for the Cas protein(s) involved in foreign DNA interference. When 
transcribed, the repeat and spacer RNA is termed CRISPR RNA (crRNA). Spacer 
sequences are incorporated into the CRISPR locus from foreign DNA termed the 
protospacer. In type II CRISPR systems, trans-encoded CRISPR RNA (tracrRNA) are 
found on the opposite strand roughly 210 nucleotides from the cas genes. The tracrRNA 
base pairs with the crRNA forming dsRNA which enables cleavage of the crRNA as well 
as RNA-Cas protein interaction.    
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Figure 2. Cas9:sgRNA Bound to Target DNA 
  
The Cas9 protein (blue) binds to the target DNA at the PAM sequence (boxed in red), then 
unwinds the target DNA. The first two base pairs of the seed sequence of the sgRNA base 
pair with the complementary strand of the target DNA, followed by the rest of the seed 
sequence. After successful base pairing between the 10 nucleotides of the seed sequence 
and complementary strand the final 9-11 base pairs of the guide strand base pairs with the 
complementary strand. Complete or near complete base pairing between the final 10 base 
pairs causes a conformational shift in the Cas9 protein. This shift results in cleavage of the 
noncomplementary strand of the target DNA 3 base pairs upstream of the PAM sequence 
by the RuvC domain (boxed in yellow), and 3 base pairs downstream of the complement 
to the PAM sequence by the HNH domain (boxed in yellow) of Cas9, causing a double 
strand break. 
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Figure 3. Destination Vector pBY02-OsCas9-ccdB 
 
The destination vector contains HygR for hygromycin selection in eukaryotic species, and 
KanR for kanamycin selection in prokaryotic species. The rice optimized Cas9 gene, 
OsCas9, is driven by the maize ubiquitin promoter. The ccdB lethal gene is flanked by the 
Gateway® system attachment sites, attR1 and attR2. The section of DNA which lies 
between attR1 and attR2 is exchanged for the section of DNA which lies between attL1 
and attL2 of the entry vector during the LR Clonase reaction. This process unites the 
sgRNA and Cas9 protein on the destination vector as well as inserts the lethal ccdB gene 
into the entry plasmid, thereby reducing the number of false positives during kanamycin 
selection.  
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Figure 4. Entry Vector pENTR4:gRNA4 
 
The entry vector imparts kanamycin resistance and is used for selection in prokaryotic 
species. The insertion sites for the dsDNA oligos which code for the guide strand RNA are 
marked by their respective restriction endonucleases, BsaI and BtgZI. The dsDNA oligos 
become a part of the DNA coding for the sgRNA, all of which is driven by the U6 promoter. 
When transcribed a single stand of RNA, the sgRNA, will contain the chimeric guide strand 
and RNA strand which forms the secondary structures necessary for interaction with the 
Cas9 protein. The promoters and sgRNA sites are flanked by the Gateway® system 
attachment sites, attL1 and attL2. The section of DNA which lies between attL1 and attL2 
is exchanged for the section of DNA which lies between attR1 and attR2 of the destination 
vector during the LR Clonase reaction. This process unites the sgRNA and Cas9 protein 
on the destination vector as well as inserts the lethal ccdB gene into the entry plasmid, 
thereby reducing the number of false positives during kanamycin selection. 
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Figure 5. Propagation of Embryogenic Callus 
 
Embryogenic calli (arrows) are induced on Murashige and Skoog (MS) medium for 6-12 
weeks. For subsequent propagation actively growing calli are subcultured on maintenance 
medium which contains 2 g L-1 L-Proline.  Large pieces are divided into smaller pieces 
during subculturing which lasts for 3-4 weeks before being subcultured again. See 
APPENDIX for media compositions. 
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Figure 6. Transformed Callus on Regeneration Medium  
 
Putatively transgenic calli, shoots, and roots (arrows) are subcultured on regeneration 
medium for the regeneration of shoots and roots. Regeneration medium contains 150 mg 
L-1 timentin to suppress Agrobacterium growth, 20 or 50 mg L-1 hygromycin to keep 
selective pressure on the putatively transgenic calli and minimize escapes, and 1 mg L-1 
kinetin to induce regeneration. The amount of time calli spent on regeneration medium 
varied between 2-4 months. Regeneration vigor is affected by callus genotype. See 
APPENDIX for medium composition. 
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Figure 7. PCR Transformation Screens 
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Figure 7. (Continued) PCR Transformation Screens 
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Figure 7. (Continued) PCR Transformation Screens 
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Figure 7. (Continued) PCR Transformation Screens 
 
A) Experiment #1, callus line 13, Cas9:FT, #2 E FT, #3 C FT, and #4 13 FTx2, Cas9:FT 
plasmid positive control; primers used were Cas9R and FT coding strand with the BsaI 
overhang  
B) #5 C FTx2, #6 C FTx2, #7 13 FTx2; primers used were Cas9R and FT coding strand 
with the BsaI overhang  
C) #10 13 AP1, #11 C AP1, Cas9:AP1 plasmid positive control; primers used were Cas9R 
and AP1 coding strand with the BsaI overhang; #12 13 BRI1, Cas9:BRI1 plasmid positive 
control; primers used were Cas9R and BRI1 coding strand with the BsaI overhang  
D) #13 3 PGM, #14 13 PGMx2, #15 13 PGM, Cas9:PGM plasmid positive control; primers 
used were hptF and hptR  
E) #4 13 FT, #7 13 FTx2, #8 13 FTx2 tRNA, #9 13 FTx2 tRNA; primers used were hptF 
and hptR  
F) untransformed negative control DNA from callus line: 3, 13, C, E with primers hptF and 
hptR 
 
Thermocycler settings: initial denaturing at 98 °C for 5 minutes, then 30 cycles of 
denaturing at 98 °C for 30 seconds, annealing at 55 °C for 30 seconds, extension at 72 °C 
for 1 minute, then a final extension at 72 °C for 5 minutes 
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Figure 8. Electropherogram of Experiment #13, Callus Line 3, Cas9:PGM, Event 1,   
  Plant 1 Target DNA 
 
Double peaks (arrow) begin 3 bp from the PAM sequence (underlined). The double peaks 
appear to be shifted upstream from the wild type sequence by a single base pair, which 
suggests a single base pair deletion. The small size of the double peaks also suggest that it 
is an InDel which falls on a single allele. 
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Wild Type  CGCGGAGCTGGTGGTGGTGCGG 
#13 3 PGM 1  CGCGGAGCTGGTGGTG – TGCGG 
#13 3 PGM 1A CGCGGAGCTGGTGGTG – TGCGG 
 
 
 
 
 
 
Figure 9.  Sequences and Electropherograms from Cloning of Experiment #13, Callus 
  Line 3, Cas9:PGM, Event 1, Plants 1 & 1A 
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Figure 9. (Continued) Sequences and Electropherograms from Cloning of Experiment #13, 
   Callus Line 3, Cas9:PGM, Event 1, Plants 1 & 1A 
 
Wild type sequence and mutated allele sequences from cloning of experiment #13, callus 
line 3, Cas9:PGM, event 1, plants 1 & 1A; electropherograms of the cloned, mutated allele 
for plant 1 (top) and plant 1A (middle) showing a single base pair deletion, and the 
electropherogram of a wild type allele (bottom) cloned from callus line 3 untransformed 
control. The location of the missing G nucleotide is marked with an arrow, and is located 
3 base pairs upstream from the PAM sequence (underlined), where the double peaks are 
seen in Fig. 8. This confirms that it is a single base pair deletion as suspected.   
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CATTCCAGGAGTCTGCAACACCATTCCTCTCCCTTTCCCTGCAGCGGTTAGGC
GCCGATCGAGCGATGTCACCTGCAATTCCTGCATCGCCACACGGCGATCACT
TCACGGAGCTGGTGGTGGTGCGGCATGGACAGACGGAGTGGAACGTCTCCAG
CACCATTCAGGTTGGTTCTTGATCTTGTGTAATTCATTTCCTACTGTTCTTCCT
TTACTTTTATCCATCAGACAAAGGCTCAGAAATTCTCTTTATGTATGAACAGG
GACGGGTCGATCAGGAGCTGAACGAAACTGGTAGACAGCAAGCTGCCATGG
TATGCTACACTTTGTGAGATCATGAGTTCATGACGTGGGGTTGTAATTTGGCG
CTTTATGTGATTCTGATTCTGTTTCAAACCCTGAAGGTTGCCCTTCGGCTGTCC
CAAGAAGCCAAGCCAGCTGCAGTCTACTCTGATTTGAAGCGTGCTGATGAGA
CTGCGCAAATGATAGCAGCAGCGTCCT 
 
Figure 10. T7 Endonuclease Assay 
 
T7 endonuclease assay run with experiment #13, callus line 3, Cas9:PGM, event 1, plants: 
1, 1-1 (a single tiller from plant 1), 1D, and untransformed control DNA from callus lines 
3 and 13. T7 endonuclease cleaves mismatched dsDNA, however it does so less effectively 
when the mismatch is a single base pair, accounting for the weakness of the band 
representing the cleaved PCR fragment (arrows). The presence of the cleaved PCR 
fragment and the relative weakness of the non-cleaved PCR product digested with T7 
compared to the non-digested PCR product indicates the presence of an InDel.  
 
Sequence of experiment #13, callus line 3, Cas9:PGM area of interest with PGMF1 and 
PGMR1 primers in red, target site in blue, single base pair deletion in the target site is 
underlined. Cleavage at the underlined deletion would yield fragments 379 base pairs long, 
which is seen in the gel, and 122 base pairs long. The fragment 122 base pairs long would 
likely be too faint to be seen given the relative weakness of the larger, visible 379 base 
pairs long band.  
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Figure 11. Selection of Callus Tissue 
 
Transformed calli (arrows) are actively growing while untransformed calli appears brown 
and dead. Selection medium contains 150 mg L-1 timentin to suppress Agrobacterium 
growth, 100 or 200 mg L-1 hygromycin to kill untransformed calli. In the first selection 
scheme calli were subcultured on selection medium containing 100 mg L-1 hygromycin for 
3-4 weeks, then surviving calli were divided into smaller pieces and transferred to new 
selection medium containing 200 mg L-1 hygromycin for 3-4 weeks. In the second selection 
scheme calli were subcultured on selection medium containing 100 mg L-1 hygromycin for 
4-6 weeks. See APPENDIX for media composition. 
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Figure 12. Agrobacterium Overgrowth  
 
Transformation experiment showing Agrobacterium overgrowth. Calli which had 
undergone a transformation experiment on selection medium show severe Agrobacterium 
overgrowth. The most likely cause of this overgrowth is failure to properly dry the calli 
during desiccation which allowed significantly greater numbers of bacteria to survive than 
would normally be expected. To remedy this the number of sterilized pieces of stacked 
filter paper was increased from 3 to 5. No overgrowth was seen after increasing the number 
of filter papers used in desiccation. 
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Figure 13. Sequence Alignments of Experiment #13, Callus Line 3, Cas9:PGM, Event 
  1, Plant 1 and Plant 1A Clones 
 
Sequence alignments of experiment #13, callus line 3, Cas9:PGM, event 1, plant 1 (top) 
and plant 1A (bottom) clones. There is only 1 clone in each containing the mutation 
(outlined), the other 9 (1) or 8 (1A) contain the wild type sequence. This is indicative of 
there being only 1 allele which contains the InDel. 
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Figure 14. Electropherogram of Experiment #13, Callus Line 3, Cas9:PGM, Event 1,  
  Plant 1A Target DNA 
 
Double peaks (arrow) begin 3 base pairs upstream from the PAM sequence (underlined). 
The double peaks in this electropherogram show the same pattern as those seen in 
experiment #13, callus line 3, Cas9:PGM, event 1, plant 1 who’s InDel was confirmed by 
T7 endonuclease and cloning, and plant 1D who’s InDel was confirmed by T7 
endonuclease. Additionally, the putative InDel seen here for plant 1A was confirmed by 
cloning.  
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Figure 15.  Electropherogram of Experiment #13, Callus Line 3, Cas9:PGM, Event 1,  
  Plant 1B Target DNA  
 
Double peaks (arrow) begin 3 base pairs upstream from the PAM sequence (underlined). 
The double peaks in this electropherogram show the same pattern as those seen in 
experiment #13, callus line 3, Cas9:PGM, event 1, plant 1 who’s InDel was confirmed by 
T7 endonuclease and cloning, plant 1A who’s InDel was confirmed by cloning, and plant 
1D who’s InDel was confirmed by T7 endonuclease. 
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Figure 16.  Electropherogram of Experiment #13, Callus Line 3, Cas9:PGM, Event 1,  
  Plant 1C Target DNA 
 
Double peaks (arrow) begin 3 base pairs upstream from the PAM sequence (underlined). 
The double peaks in this electropherogram show the same pattern as those seen in 
experiment #13, callus line 3, Cas9:PGM, event 1, plant 1 who’s InDel was confirmed by 
T7 endonuclease and cloning, plant 1A who’s InDel was confirmed by cloning, and plant 
1D who’s InDel was confirmed by T7 endonuclease. 
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Figure 17.  Electropherogram of Experiment #13, Callus Line 3, Cas9:PGM, Event 1,  
  Plant 1D Target DNA 
 
Double peaks (arrow) begin 3 base pairs upstream from the PAM sequence (underlined). 
The double peaks in this electropherogram show the same pattern as those seen in 
experiment #13, callus line 3, Cas9:PGM, event 1, plant 1 who’s InDel was confirmed by 
T7 endonuclease and cloning, and plant 1A who’s InDel was confirmed by cloning. 
Additionally, the putative InDel seen here for 1D was confirmed by T7 endonuclease.  
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Figure 18. Electropherogram of Callus Line 3 Untransformed Control 
 
Electropherogram of callus line 3 untransformed control does not show double peaks 
characteristic of a single base pair deletion as seen in experiment #13, callus line 3, 
Cas9:PGM, event 1, plants 1, 1A, 1B, 1C, 1D 
 
 
 
 
 
 
 
 
 
 
Figure 19. Cas9:PGM Guide Strand Mismatched Base Pair 
 
Designed Cas9:PGM guide strand sequence of sgRNA mismatched base pair, 5′ G (G*) 
was added for transcription efficiency under the U6 promoter. The mismatch between the 
target DNA and the guide sequence occurred 18 nucleotides distal from the PAM sequence. 
A mismatch in this location would not be expected to have a great impact on CRISPR Cas9 
activity. Indeed, even with this mismatch a CRISPR Cas9 mediated InDel was detected 
using Cas9:PGM. 
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Figure 20. Transgenic Switchgrass Plant 
 
Transgenic switchgrass plants were established and maintained in the Horticulture 
Department greenhouse under high pressure sodium lamps. 
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CHAPTER 3: CONCLUSIONS 
 CRISPR Cas9 is able to mediate targeted mutations in the switchgrass cultivar 
‘Alamo’. This is an important step in the development of CRISPR Cas9 as a molecular tool 
for switchgrass breeding. Switchgrass plants whose genomes have been beneficially edited 
by CRISPR Cas9 could play an important role in lignocellulosic biofuels and help curb 
climate change.  
 With an average transformation efficiency of 12.2% the mutation rate was very 
low. A mutation was discovered in only 1 event out of 77 sequenced. The choice of target 
site may play an important role in the efficiency of CRISPR Cas9, as may the effects of 
transgene silencing due to the fact that the genome of the switchgrass cultivar ‘Alamo’ is 
highly methylated. The use of a rice optimized Cas9 gene with a maize ubiquitin promoter 
may also negatively affect transgene expression and thus the mutation rate. In order to 
increase the mutation rate future work should include as great a number of target sites as 
possible, as well as optimize the Cas9 protein and promoter for expression in switchgrass. 
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APPENDIX: SEQUENCES AND PROTOCOLS 
 
Entry Vector Sequence-att L1 to att L2 
GTCGACTGGATCCAAGCTTAAGAACGAACTAAGCCGGACAAAAAAAGGAGC
ACATATACAAACCGGTTTTATTCATGAATGGTCACGATGGATGATGGGGCTC
AGACTTGAGCTACGAGGCCGCAGGCGAGAGAAGCCTAGTGTGCTCTCTGCTT
GTTTGGGCCGTAACGGAGGATACGGCCGACGAGCGTGTACTACCGCGCGGGA
TGCCGCTGGGCGCTGCGGGGGCCGTTGGATGGGGATCGGTGGGTCGCGGGAG
CGTTGAGGGGAGACAGGTTTAGTACCACCTCGCCTACCGAACAATGAAGAAC
CCACCTTATAACCCCGCGCGCTGCCGCTTGTGTTGGCTAGGATCCATCGCAGT
CAGCGATGAGTACAGCAAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAGG
CTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTTGAG
ATTTCCAACCAGGTCCCTGGAGCCCATAGTCTAGTAACGGCCGCCAGTGTGC
TGGAATTGCCCTTGGATCATGAACCAACGGCCTGGCTGTATTTGGTGGTTGTG
TAGGGAGATGGGGAGAAGAAAAGCCCGATTCTCTTCGCTGTGATGGGCTGGA
TGCATGCGGGGGAGCGGGAGGCCCAAGTACGTGCACGGTGAGCGGCCCACA
GGGCGAGTGTGAGCGCGAGAGGCGGGAGGAACAGTTTAGTACCACATTGCC
CAGCTAACTCGAACGCGACCAACTTATAAACCCGCGCGCTGTCGCTTGTGTA
GAGACCAAAGGAGGTCTCAGTTTTAGAGCTAGAAATAGCAAGTTAAAATAAG
GCTAGTCCGTTATCAACTTGAAAAAGTGGCACCGAGTCGGTGCTTTTTTTGTC
CCTTCGAAGGGCAATTCTGCAGATATCCATCACACTGGCGGCCGCTCGAGGT
CGACGGTATCGATAAGCTTGATATCGAATTC           
 
Destination Vector Sequence 
GTAATCATGGTCATAGCTGTTTCCTGTGTGAAATTGTTATCCGCTCACAATTC
CACACAACATACGAGCCGGAAGCATAAAGTGTAAAGCCTGGGGTGCCTAATG
AGTGAGCTAACTCACATTAATTGCGTTGCGCTCACTGCCCGCTTTCCAGTCGG
GAAACCTGTCGTGCCAGCTGCATTAATGAATCGGCCAACGCGCGGGGAGAGG
CGGTTTGCGTATTGGCTAGAGCAGCTTGCCAACATGGTGGAGCACGACACTC
TCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGAAGACCAAAGGGCTAT
TGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTCCTCGGATTCCATTGCC
CAGCTATCTGTCACTTCATCAAAAGGACAGTAGAAAAGGAAGGTGGCACCTA
CAAATGCCATCATTGCGATAAAGGAAAGGCTATCGTTCAAGATGCCTCTGCC
GACAGTGGTCCCAAAGATGGACCCCCACCCACGAGGAGCATCGTGGAAAAA
GAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATTGATGTGATAACATGG
TGGAGCACGACACTCTCGTCTACTCCAAGAATATCAAAGATACAGTCTCAGA
AGACCAAAGGGCTATTGAGACTTTTCAACAAAGGGTAATATCGGGAAACCTC
CTCGGATTCCATTGCCCAGCTATCTGTCACTTCATCAAAAGGACAGTAGAAA
AGGAAGGTGGCACCTACAAATGCCATCATTGCGATAAAGGAAAGGCTATCGT
TCAAGATGCCTCTGCCGACAGTGGTCCCAAAGATGGACCCCCACCCACGAGG
AGCATCGTGGAAAAAGAAGACGTTCCAACCACGTCTTCAAAGCAAGTGGATT
GATGTGATATCTCCACTGACGTAAGGGATGACGCACAATCCCACTATCCTTCG
CAAGACCTTCCTCTATATAAGGAAGTTCATTTCATTTGGAGAGGACACGCTGA
AATCACCAGTCTCTCTCTACAAATCTATCTCTCTCGAGCTTTCGCAGATCCCG
GGGGGCAATGAGATATGAAAAAGCCTGAACTCACCGCGACGTCTGTCGAGA
AGTTTCTGATCGAAAAGTTCGACAGCGTCTCCGACCTGATGCAGCTCTCGGA
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GGGCGAAGAATCTCGTGCTTTCAGCTTCGATGTAGGAGGGCGTGGATATGTC
CTGCGGGTAAATAGCTGCGCCGATGGTTTCTACAAAGATCGTTATGTTTATCG
GCACTTTGCATCGGCCGCGCTCCCGATTCCGGAAGTGCTTGACATTGGGGAGT
TTAGCGAGAGCCTGACCTATTGCATCTCCCGCCGTGCACAGGGTGTCACGTTG
CAAGACCTGCCTGAAACCGAACTGCCCGCTGTTCTACAACCGGTCGCGGAGG
CTATGGATGCGATCGCTGCGGCCGATCTTAGCCAGACGAGCGGGTTCGGCCC
ATTCGGACCGCAAGGAATCGGTCAATACACTACATGGCGTGATTTCATATGC
GCGATTGCTGATCCCCATGTGTATCACTGGCAAACTGTGATGGACGACACCG
TCAGTGCGTCCGTCGCGCAGGCTCTCGATGAGCTGATGCTTTGGGCCGAGGA
CTGCCCCGAAGTCCGGCACCTCGTGCACGCGGATTTCGGCTCCAACAATGTC
CTGACGGACAATGGCCGCATAACAGCGGTCATTGACTGGAGCGAGGCGATGT
TCGGGGATTCCCAATACGAGGTCGCCAACATCTTCTTCTGGAGGCCGTGGTTG
GCTTGTATGGAGCAGCAGACGCGCTACTTCGAGCGGAGGCATCCGGAGCTTG
CAGGATCGCCACGACTCCGGGCGTATATGCTCCGCATTGGTCTTGACCAACTC
TATCAGAGCTTGGTTGACGGCAATTTCGATGATGCAGCTTGGGCGCAGGGTC
GATGCGACGCAATCGTCCGATCCGGAGCCGGGACTGTCGGGCGTACACAAAT
CGCCCGCAGAAGCGCGGCCGTCTGGACCGATGGCTGTGTAGAAGTACTCGCC
GATAGTGGAAACCGACGCCCCAGCACTCGTCCGAGGGCAAAGAAATAGAGT
AGATGCCGACCGGATCTGTCGATCGACAAGCTCGAGTTTCTCCATAATAATGT
GTGAGTAGTTCCCAGATAAGGGAATTAGGGTTCCTATAGGGTTTCGCTCATGT
GTTGAGCATATAAGAAACCCTTAGTATGTATTTGTATTTGTAAAATACTTCTA
TCAATAAAATTTCTAATTCCTAAAACCAAAATCCAGTACTAAAATCCAGATCC
CCCGAATTAATTCGGCGTTAATTCAGTACATTAAAAACGTCCGCAATGTGTTA
TTAAGTTGTCTAAGCGTCAATTTGTTTACACCACAATATATCCTGCCACCAGC
CAGCCAACAGCTCCCCGACCGGCAGCTCGGCACAAAATCACCACTCGATACA
GGCAGCCCATCAGTCCGGGACGGCGTCAGCGGGAGAGCCGTTGTAAGGCGG
CAGACTTTGCTCATGTTACCGATGCTATTCGGAAGAACGGCAACTAAGCTGC
CGGGTTTGAAACACGGATGATCTCGCGGAGGGTAGCATGTTGATTGTAACGA
TGACAGAGCGTTGCTGCCTGTGATCACCGCGGTTTCAAAATCGGCTCCGTCGA
TACTATGTTATACGCCAACTTTGAAAACAACTTTGAAAAAGCTGTTTTCTGGT
ATTTAAGGTTTTAGAATGCAAGGAACAGTGAATTGGAGTTCGTCTTGTTATAA
TTAGCTTCTTGGGGTATCTTTAAATACTGTAGAAAAGAGGAAGGAAATAATA
AATGGCTAAAATGAGAATATCACCGGAATTGAAAAAACTGATCGAAAAATA
CCGCTGCGTAAAAGATACGGAAGGAATGTCTCCTGCTAAGGTATATAAGCTG
GTGGGAGAAAATGAAAACCTATATTTAAAAATGACGGACAGCCGGTATAAA
GGGACCACCTATGATGTGGAACGGGAAAAGGACATGATGCTATGGCTGGAA
GGAAAGCTGCCTGTTCCAAAGGTCCTGCACTTTGAACGGCATGATGGCTGGA
GCAATCTGCTCATGAGTGAGGCCGATGGCGTCCTTTGCTCGGAAGAGTATGA
AGATGAACAAAGCCCTGAAAAGATTATCGAGCTGTATGCGGAGTGCATCAGG
CTCTTTCACTCCATCGACATATCGGATTGTCCCTATACGAATAGCTTAGACAG
CCGCTTAGCCGAATTGGATTACTTACTGAATAACGATCTGGCCGATGTGGATT
GCGAAAACTGGGAAGAAGACACTCCATTTAAAGATCCGCGCGAGCTGTATGA
TTTTTTAAAGACGGAAAAGCCCGAAGAGGAACTTGTCTTTTCCCACGGCGAC
CTGGGAGACAGCAACATCTTTGTGAAAGATGGCAAAGTAAGTGGCTTTATTG
ATCTTGGGAGAAGCGGCAGGGCGGACAAGTGGTATGACATTGCCTTCTGCGT
CCGGTCGATCAGGGAGGATATCGGGGAAGAACAGTATGTCGAGCTATTTTTT
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GACTTACTGGGGATCAAGCCTGATTGGGAGAAAATAAAATATTATATTTTAC
TGGATGAATTGTTTTAGTACCTAGAATGCATGACCAAAATCCCTTAACGTGAG
TTTTCGTTCCACTGAGCGTCAGACCCCGTAGAAAAGATCAAAGGATCTTCTTG
AGATCCTTTTTTTCTGCGCGTAATCTGCTGCTTGCAAACAAAAAAACCACCGC
TACCAGCGGTGGTTTGTTTGCCGGATCAAGAGCTACCAACTCTTTTTCCGAAG
GTAACTGGCTTCAGCAGAGCGCAGATACCAAATACTGTCCTTCTAGTGTAGC
CGTAGTTAGGCCACCACTTCAAGAACTCTGTAGCACCGCCTACATACCTCGCT
CTGCTAATCCTGTTACCAGTGGCTGCTGCCAGTGGCGATAAGTCGTGTCTTAC
CGGGTTGGACTCAAGACGATAGTTACCGGATAAGGCGCAGCGGTCGGGCTGA
ACGGGGGGTTCGTGCACACAGCCCAGCTTGGAGCGAACGACCTACACCGAAC
TGAGATACCTACAGCGTGAGCTATGAGAAAGCGCCACGCTTCCCGAAGGGAG
AAAGGCGGACAGGTATCCGGTAAGCGGCAGGGTCGGAACAGGAGAGCGCAC
GAGGGAGCTTCCAGGGGGAAACGCCTGGTATCTTTATAGTCCTGTCGGGTTTC
GCCACCTCTGACTTGAGCGTCGATTTTTGTGATGCTCGTCAGGGGGGCGGAGC
CTATGGAAAAACGCCAGCAACGCGGCCTTTTTACGGTTCCTGGCCTTTTGCTG
GCCTTTTGCTCACATGTTCTTTCCTGCGTTATCCCCTGATTCTGTGGATAACCG
TATTACCGCCTTTGAGTGAGCTGATACCGCTCGCCGCAGCCGAACGACCGAG
CGCAGCGAGTCAGTGAGCGAGGAAGCGGAAGAGCGCCTGATGCGGTATTTTC
TCCTTACGCATCTGTGCGGTATTTCACACCGCATATGGTGCACTCTCAGTACA
ATCTGCTCTGATGCCGCATAGTTAAGCCAGTATACACTCCGCTATCGCTACGT
GACTGGGTCATGGCTGCGCCCCGACACCCGCCAACACCCGCTGACGCGCCCT
GACGGGCTTGTCTGCTCCCGGCATCCGCTTACAGACAAGCTGTGACCGTCTCC
GGGAGCTGCATGTGTCAGAGGTTTTCACCGTCATCACCGAAACGCGCGAGGC
AGGGTGCCTTGATGTGGGCGCCGGCGGTCGAGTGGCGACGGCGCGGCTTGTC
CGCGCCCTGGTAGATTGCCTGGCCGTAGGCCAGCCATTTTTGAGCGGCCAGC
GGCCGCGATAGGCCGACGCGAAGCGGCGGGGCGTAGGGAGCGCAGCGACCG
AAGGGTAGGCGCTTTTTGCAGCTCTTCGGCTGTGCGCTGGCCAGACAGTTATG
CACAGGCCAGGCGGGTTTTAAGAGTTTTAATAAGTTTTAAAGAGTTTTAGGC
GGAAAAATCGCCTTTTTTCTCTTTTATATCAGTCACTTACATGTGTGACCGGTT
CCCAATGTACGGCTTTGGGTTCCCAATGTACGGGTTCCGGTTCCCAATGTACG
GCTTTGGGTTCCCAATGTACGTGCTATCCACAGGAAAGAGACCTTTTCGACCT
TTTTCCCCTGCTAGGGCAATTTGCCCTAGCATCTGCTCCGTACATTAGGAACC
GGCGGATGCTTCGCCCTCGATCAGGTTGCGGTAGCGCATGACTAGGATCGGG
CCAGCCTGCCCCGCCTCCTCCTTCAAATCGTACTCCGGCAGGTCATTTGACCC
GATCAGCTTGCGCACGGTGAAACAGAACTTCTTGAACTCTCCGGCGCTGCCA
CTGCGTTCGTAGATCGTCTTGAACAACCATCTGGCTTCTGCCTTGCCTGCGGC
GCGGCGTGCCAGGCGGTAGAGAAAACGGCCGATGCCGGGATCGATCAAAAA
GTAATCGGGGTGAACCGTCAGCACGTCCGGGTTCTTGCCTTCTGTGATCTCGC
GGTACATCCAATCAGCTAGCTCGATCTCGATGTACTCCGGCCGCCCGGTTTCG
CTCTTTACGATCTTGTAGCGGCTAATCAAGGCTTCACCCTCGGATACCGTCAC
CAGGCGGCCGTTCTTGGCCTTCTTCGTACGCTGCATGGCAACGTGCGTGGTGT
TTAACCGAATGCAGGTTTCTACCAGGTCGTCTTTCTGCTTTCCGCCATCGGCT
CGCCGGCAGAACTTGAGTACGTCCGCAACGTGTGGACGGAACACGCGGCCG
GGCTTGTCTCCCTTCCCTTCCCGGTATCGGTTCATGGATTCGGTTAGATGGGA
AACCGCCATCAGTACCAGGTCGTAATCCCACACACTGGCCATGCCGGCCGGC
CCTGCGGAAACCTCTACGTGCCCGTCTGGAAGCTCGTAGCGGATCACCTCGC
83 
 
CAGCTCGTCGGTCACGCTTCGACAGACGGAAAACGGCCACGTCCATGATGCT
GCGACTATCGCGGGTGCCCACGTCATAGAGCATCGGAACGAAAAAATCTGGT
TGCTCGTCGCCCTTGGGCGGCTTCCTAATCGACGGCGCACCGGCTGCCGGCG
GTTGCCGGGATTCTTTGCGGATTCGATCAGCGGCCGCTTGCCACGATTCACCG
GGGCGTGCTTCTGCCTCGATGCGTTGCCGCTGGGCGGCCTGCGCGGCCTTCAA
CTTCTCCACCAGGTCATCACCCAGCGCCGCGCCGATTTGTACCGGGCCGGAT
GGTTTGCGACCGTCACGCCGATTCCTCGGGCTTGGGGGTTCCAGTGCCATTGC
AGGGCCGGCAGACAACCCAGCCGCTTACGCCTGGCCAACCGCCCGTTCCTCC
ACACATGGGGCATTCCACGGCGTCGGTGCCTGGTTGTTCTTGATTTTCCATGC
CGCCTCCTTTAGCCGCTAAAATTCATCTACTCATTTATTCATTTGCTCATTTAC
TCTGGTAGCTGCGCGATGTATTCAGATAGCAGCTCGGTAATGGTCTTGCCTTG
GCGTACCGCGTACATCTTCAGCTTGGTGTGATCCTCCGCCGGCAACTGAAAGT
TGACCCGCTTCATGGCTGGCGTGTCTGCCAGGCTGGCCAACGTTGCAGCCTTG
CTGCTGCGTGCGCTCGGACGGCCGGCACTTAGCGTGTTTGTGCTTTTGCTCAT
TTTCTCTTTACCTCATTAACTCAAATGAGTTTTGATTTAATTTCAGCGGCCAGC
GCCTGGACCTCGCGGGCAGCGTCGCCCTCGGGTTCTGATTCAAGAACGGTTG
TGCCGGCGGCGGCAGTGCCTGGGTAGCTCACGCGCTGCGTGATACGGGACTC
AAGAATGGGCAGCTCGTACCCGGCCAGCGCCTCGGCAACCTCACCGCCGATG
CGCGTGCCTTTGATCGCCCGCGACACGACAAAGGCCGCTTGTAGCCTTCCATC
CGTGACCTCAATGCGCTGCTTAACCAGCTCCACCAGGTCGGCGGTGGCCCAT
ATGTCGTAAGGGCTTGGCTGCACCGGAATCAGCACGAAGTCGGCTGCCTTGA
TCGCGGACACAGCCAAGTCCGCCGCCTGGGGCGCTCCGTCGATCACTACGAA
GTCGCGCCGGCCGATGGCCTTCACGTCGCGGTCAATCGTCGGGCGGTCGATG
CCGACAACGGTTAGCGGTTGATCTTCCCGCACGGCCGCCCAATCGCGGGCAC
TGCCCTGGGGATCGGAATCGACTAACAGAACATCGGCCCCGGCGAGTTGCAG
GGCGCGGGCTAGATGGGTTGCGATGGTCGTCTTGCCTGACCCGCCTTTCTGGT
TAAGTACAGCGATAACCTTCATGCGTTCCCCTTGCGTATTTGTTTATTTACTCA
TCGCATCATATACGCAGCGACCGCATGACGCAAGCTGTTTTACTCAAATACA
CATCACCTTTTTAGACGGCGGCGCTCGGTTTCTTCAGCGGCCAAGCTGGCCGG
CCAGGCCGCCAGCTTGGCATCAGACAAACCGGCCAGGATTTCATGCAGCCGC
ACGGTTGAGACGTGCGCGGGCGGCTCGAACACGTACCCGGCCGCGATCATCT
CCGCCTCGATCTCTTCGGTAATGAAAAACGGTTCGTCCTGGCCGTCCTGGTGC
GGTTTCATGCTTGTTCCTCTTGGCGTTCATTCTCGGCGGCCGCCAGGGCGTCG
GCCTCGGTCAATGCGTCCTCACGGAAGGCACCGCGCCGCCTGGCCTCGGTGG
GCGTCACTTCCTCGCTGCGCTCAAGTGCGCGGTACAGGGTCGAGCGATGCAC
GCCAAGCAGTGCAGCCGCCTCTTTCACGGTGCGGCCTTCCTGGTCGATCAGCT
CGCGGGCGTGCGCGATCTGTGCCGGGGTGAGGGTAGGGCGGGGGCCAAACTT
CACGCCTCGGGCCTTGGCGGCCTCGCGCCCGCTCCGGGTGCGGTCGATGATT
AGGGAACGCTCGAACTCGGCAATGCCGGCGAACACGGTCAACACCATGCGG
CCGGCCGGCGTGGTGGTGTCGGCCCACGGCTCTGCCAGGCTACGCAGGCCCG
CGCCGGCCTCCTGGATGCGCTCGGCAATGTCCAGTAGGTCGCGGGTGCTGCG
GGCCAGGCGGTCTAGCCTGGTCACTGTCACAACGTCGCCAGGGCGTAGGTGG
TCAAGCATCCTGGCCAGCTCCGGGCGGTCGCGCCTGGTGCCGGTGATCTTCTC
GGAAAACAGCTTGGTGCAGCCGGCCGCGTGCAGTTCGGCCCGTTGGTTGGTC
AAGTCCTGGTCGTCGGTGCTGACGCGGGCATAGCCCAGCAGGCCAGCGGCGG
CGCTCTTGTTCATGGCGTAATGTCTCCGGTTCTAGTCGCAAGTATTCTACTTTA
84 
 
TGCGACTAAAACACGCGACAAGAAAACGCCAGGAAAAGGGCAGGGCGGCAG
CCTGTCGCGTAACTTAGGACTTGTGCGACATGTCGTTTTCAGAAGACGGCTGC
ACTGAACGTCAGAAGCCGACTGCACTATAGCAGCGGAGGGGTTGGATCAAA
GTACTTTGATCCCGAGGGGAACCCTGTGGTTGGCATGCACATACAAATGGAC
GAACGGATAAACCTTTTCACGCCCTTTTAAATATCCGTTATTCTAATAAACGC
TCTTTTCTCTTAGGTTTACCCGCCAATATATCCTGTCAAACACTGATAGTTTAA
ACTGAAGGCGGGAAACGACAATCTGATCCAAGCTCAAGCTGCTCTAGCATTC
GCCATTCAGGCTGCGCAACTGTTGGGAAGGGCGATCGGTGCGGGCCTCTTCG
CTATTACGCCAGCTGGCGAAAGGGGGATGTGCTGCAAGGCGATTAAGTTGGG
TAACGCCAGGGTTTTCCCAGTCACGACGTTGTAAAACGACGGCCAGTGCCAA
GCTAGAGACGGGGATCACAAGTTTGTACAAAAAAGCTGAACGAGAAACGTA
AAATGATATAAATATCAATATATTAAATTAGATTTTGCATAAAAAACAGACT
ACATAATACTGTAAAACACAACATATCCAGTCATATTGGCGGCCGCATTAGG
CACCCCAGGCTTTACACTTTATGCTTCCGGCTCGTATAATGTGTGGATTTTGA
GTTAGGATCGATCCGGCTTACTAAAAGCCAGATAACAGTATGCGTATTTGCG
CGCTGATTTTTGCGGTATAAGAATATATACTGATATGTATACCCGAAGTATGT
CAAAAAGAGGTATGCTATGAAGCAGCGTATTACAGTGACAGTTGACAGCGAC
AGCTATCAGTTGCTCAAGGCATATATGATGTCAATATCTCCGGTCTGGTAAGC
ACAACCATGCAGAATGAAGCCCGTCGTCTGCGTGCCGAACGCTGGAAAGCGG
AAAATCAGGAAGGGATGGCTGAGGTCGCCCGGTTTATTGAAATGAACGGCTC
TTTTGCTGACGAGAACAGGGGCTGGTGAAATGCAGTTTAAGGTTTACACCTA
TAAAAGAGAGAGCCGTTATCGTCTGTTTGTGGATGTACAGAGTGATATTATTG
ACACGCCCGGGCGACGGATGGTGATCCCCCTGGCCAGTGCACGTCTGCTGTC
AGATAAAGTCTCCCGTGAACTTTACCCGGTGGTGCATATCGGGGATGAAAGC
TGGCGCATGATGACCACCGATATGGCCAGTGTGCCGGTCTCCGTTATCGGGG
AAGAAGTGGCTGATCTCAGCCACCGCGAAAATGACATCAAAAACGCCATTAA
CCTGATGTTCTGGGGAATATAAATGTCAGGCTCCCTTATACACAGCCAGTCTG
CAGGTCGACCATAGTGACTGGATATGTTGTGTTTTACAGCATTATGTAGTCTG
TTTTTTATGCAAAATCTAATTTAATATATTGATATTTATATCATTTTACGTTTC
TCGTTCAGCTTTCTTGTACAAAGTGGTGAAGCTTGCATGCCTGCAGGCAGCGT
GACCCGGTCGTGCCCCTCTCTAGAGATAATGAGCATTGCATGTCTAAGTTATA
AAAAATTACCACATATTTTTTTTGTCACACTTGTTTGAAGTGCAGTTTATCTAT
CTTTATACATATATTTAAACTTTACTCTACGAATAATATAATCTATAGTACTA
CAATAATATCAGTGTTTTAGAGAATCATATAAATGAACAGTTAGACATGGTC
TAAAGGACAATTGAGTATTTTGACAACAGGACTCTACAGTTTTATCTTTTTAG
TGTGCATGTGTTCTCCTTTTTTTTTGCAAATAGCTTCACCTATATAATACTTCA
TCCATTTTATTAGTACATCCATTTAGGGTTTAGGGTTAATGGTTTTTATAGACT
AATTTTTTTAGTACATCTATTTTATTCTATTTTAGCCTCTAAATTAAGAAAACT
AAAACTCTATTTTAGTTTTTTTATTTAATAATTTAGATATAAAATAGAATAAA
ATAAAGTGACTAAAAATTAAACAAATACCCTTTAAGAAATTAAAAAAACTAA
GGAAACATTTTTCTTGTTTCGAGTAGATAATGCCAGCCTGTTAAACGCCGTCG
ACGAGTCTAACGGACACCAACCAGCGAACCAGCAGCGTCGCGTCGGGCCAA
GCGAAGCAGACGGCACGGCATCTCTGTCGCTGCCTCTGGACCCCTCTCGAGA
GTTCCGCTCCACCGTTGGACTTGCTCCGCTGTCGGCATCCAGAAATTGCGTGG
CGGAGCGGCAGACGTGAGCCGGCACGGCAGGCGGCCTCCTCCTCCTCTCACG
GCACGGCAGCTACGGGGGATTCCTTTCCCACCGCTCCTTCGCTTTCCCTTCCT
85 
 
CGCCCGCCGTAATAAATAGACACCCCCTCCACACCCTCTTTCCCCAACCTCGT
GTTGTTCGGAGCGCACACACACACAACCAGATCTCCCCCAAATCCACCCGTC
GGCACCTCCGCTTCAAGGTACGCCGCTCGTCCTCCCCCCCCCCCCCTCTCTAC
CTTCTCTAGATCGGCGTTCCGGTCCATGGTTAGGGCCCGGTAGTTCTACTTCT
GTTCATGTTTGTGTTAGATCCGTGTTTGTGTTAGATCCGTGCTGCTAGCGTTCG
TACACGGATGCGACCTGTACGTCAGACACGTTCTGATTGCTAACTTGCCAGTG
TTTCTCTTTGGGGAATCCTGGGATGGCTCTAGCCGTTCCGCAGACGGGATCGA
TTTCATGATTTTTTTTGTTTCGTTGCATAGGGTTTGGTTTGCCCTTTTCCTTTAT
TTCAATATATGCCGTGCACTTGTTTGTCGGGTCATCTTTTCATGCTTTTTTTTT
GTCTTGGTTGTGATGATGTGGTGTGGTTGGGCGGTCGTTCATTCGTTCTAGAT
CGGAGTAGAATACTGTTTCAAACTACCTGGTGTATTTATTAATTTTGGAACTG
TATGTGTGTGTCATACATCTTCATAGTTACGAGTTTAAGATGGATGGAAATAT
CGATCTAGGATAGGTATACATGTTGATGTGGGTTTTACTGATGCATATACATG
ATGGCATATGCAGCATCTATTCATATGCTCTAACCTTGAGTACCTATCTATTA
TAATAAACAAGTATGTTTTATAATTATTTTGATCTTGATATACTTGGATGATG
GCATATGCAGCAGCTATATGTGGATTTTTTTAGCCCTGCCTTCATACGCTATTT
ATTTGCTTGGTACTGTTTCTTTTGTCGATGCTCACCCTGTTGTTTGGTGTTACT
TCTGCAGGTCGACTCTAGAGGATCTGGAATTCCCGGGTACCGGATCCGATCC
AAATCCGAATCCGGCCATGGACTATAAGGATCACGATGGCGACTACAAGGAT
CATGACATTGACTATAAGGATGACGACGATAAGATGGCACCTAAGAAGAAA
AGGAAAGTCGGCATTCATGGCGTTCCGGCAGCCGACAAAAAGTATAGCATCG
GCCTCGATATTGGGACAAACTCTGTGGGCTGGGCGGTAATTACCGACGAGTA
CAAGGTGCCTAGTAAGAAATTTAAAGTGCTCGGAAACACTGACAGGCACTCT
ATAAAGAAGAACCTGATCGGGGCACTGCTTTTCGACTCCGGAGAGACGGCGG
AGGCGACGCGTCTCAAGCGTACCGCGCGCCGCAGGTACACAAGAAGGAAGA
ATAGGATCTGCTACTTGCAGGAAATCTTCAGTAACGAGATGGCGAAGGTCGA
CGATAGTTTCTTTCATCGGTTGGAAGAATCGTTCCTCGTAGAGGAGGACAAA
AAGCACGAGCGTCACCCAATATTCGGGAATATTGTTGACGAGGTTGCCTACC
ATGAGAAATATCCTACAATATATCACCTCCGTAAGAAGCTTGTCGATTCAACT
GATAAGGCTGATCTCAGACTCATCTATCTTGCCCTCGCACATATGATTAAGTT
TCGTGGCCACTTCTTGATTGAAGGCGACCTCAACCCGGACAACTCAGATGTTG
ACAAGCTTTTTATACAGCTCGTCCAGACATATAACCAGCTGTTTGAAGAGAAT
CCCATCAATGCGAGTGGGGTTGATGCTAAGGCCATTTTGTCCGCCAGGTTGTC
CAAATCTCGCAGACTGGAAAACCTGATCGCACAGCTTCCCGGTGAAAAGAAA
AACGGGCTCTTCGGCAATCTCATCGCACTGTCCCTCGGCCTCACCCCAAACTT
CAAGTCTAACTTCGACCTGGCCGAGGATGCGAAGCTCCAGCTGTCAAAAGAT
ACATACGACGACGATTTGGACAATCTGCTTGCGCAAATAGGCGACCAGTATG
CGGACCTGTTCCTGGCTGCCAAAAATCTGTCAGATGCAATCCTCCTGTCCGAT
ATATTGCGTGTGAACACCGAAATCACGAAGGCACCGCTTAGCGCATCCATGA
TCAAGAGATACGACGAGCACCATCAGGACCTCACACTCCTCAAGGCGCTTGT
TCGTCAGCAGCTTCCCGAGAAATATAAGGAAATTTTTTTCGATCAAAGCAAG
AATGGATATGCTGGCTATATTGACGGTGGCGCTTCGCAGGAGGAGTTCTATA
AATTCATTAAGCCGATTCTGGAGAAGATGGACGGAACGGAGGAGCTCCTCGT
CAAGCTTAACCGGGAAGACCTGTTGCGGAAGCAGAGGACTTTTGATAACGGC
TCTATTCCGCACCAAATCCATCTGGGTGAGTTGCACGCAATCTTGAGAAGAC
AAGAGGATTTCTACCCGTTCCTTAAGGATAACAGAGAGAAGATAGAAAAAAT
86 
 
ACTGACCTTCAGGATACCATACTATGTGGGCCCACTGGCGCGCGGAAATAGT
CGTTTCGCATGGATGACTAGAAAGTCCGAAGAAACGATCACGCCATGGAATT
TTGAGGAAGTGGTCGACAAGGGCGCCTCTGCCCAGAGCTTCATCGAAAGGAT
GACCAATTTTGACAAAAATCTGCCTAACGAAAAGGTGCTTCCGAAGCACAGC
CTGTTGTATGAATACTTCACAGTTTATAACGAGCTCACTAAGGTCAAGTACGT
CACGGAGGGCATGCGTAAGCCTGCTTTCCTGTCTGGTGAACAAAAAAAGGCG
ATTGTGGACCTCCTTTTCAAGACGAACCGTAAAGTTACTGTGAAGCAACTGA
AAGAGGATTACTTTAAGAAAATTGAGTGCTTCGACAGTGTGGAGATTTCCGG
TGTCGAGGACCGGTTTAACGCCAGCCTGGGTACGTATCATGACCTGCTTAAA
ATTATCAAGGATAAAGATTTCCTGGATAATGAAGAGAACGAAGATATACTGG
AGGACATTGTGTTGACTTTGACCCTCTTCGAGGACAGAGAGATGATTGAGGA
AAGACTGAAGACCTACGCACACCTTTTTGATGACAAGGTCATGAAACAACTC
AAGCGCCGGCGCTATACTGGCTGGGGCCGGCTTTCTCGCAAGCTCATCAATG
GGATTCGGGATAAGCAATCAGGCAAGACAATTTTGGACTTCCTCAAATCCGA
CGGATTCGCAAATAGGAATTTTATGCAGCTGATACATGACGACTCTTTGACAT
TCAAAGAAGACATACAGAAGGCTCAGGTCTCCGGCCAAGGAGATTCTTTGCA
CGAGCATATCGCTAACTTGGCAGGTAGCCCCGCCATAAAAAAGGGCATTCTT
CAAACGGTAAAAGTTGTTGACGAACTCGTGAAGGTTATGGGCCGTCATAAGC
CGGAAAACATTGTTATTGAAATGGCTAGGGAAAATCAGACGACCCAGAAGG
GACAGAAAAATAGCAGGGAGCGGATGAAGAGAATTGAAGAGGGAATTAAGG
AGCTTGGATCTCAGATTCTTAAGGAGCACCCTGTGGAGAACACCCAACTTCA
GAATGAAAAGCTCTACCTTTACTACCTTCAAAACGGCCGGGATATGTACGTC
GATCAGGAACTTGACATTAACCGGTTGAGCGATTATGACGTTGACCATATTGT
GCCCCAATCTTTCCTTAAAGACGACTCTATCGACAATAAAGTGCTGACGCGC
AGCGATAAAAATCGCGGTAAGTCGGATAATGTCCCGTCGGAAGAGGTGGTTA
AAAAAATGAAGAACTATTGGAGGCAACTCCTGAATGCCAAGCTGATCACTCA
GAGGAAATTCGACAATCTCACCAAGGCAGAAAGGGGTGGACTTAGCGAGCT
CGACAAGGCCGGTTTTATCAAAAGACAGCTGGTGGAGACACGCCAAATCACC
AAACACGTTGCCCAGATCCTGGATTCGAGGATGAACACGAAGTATGACGAGA
ACGACAAGTTGATTAGGGAAGTCAAGGTCATCACTTTGAAGTCCAAGCTGGT
GAGCGACTTTCGCAAAGACTTCCAGTTTTACAAAGTCAGGGAAATTAATAAC
TACCACCACGCCCACGACGCCTACCTTAACGCCGTGGTTGGCACAGCACTCA
TCAAGAAATACCCTAAGCTCGAATCTGAGTTCGTCTATGGCGACTATAAGGT
CTACGACGTTAGAAAAATGATCGCGAAATCTGAGCAGGAAATAGGCAAGGC
AACTGCCAAGTACTTCTTCTATTCCAATATCATGAACTTTTTTAAGACGGAGA
TTACCCTGGCGAATGGTGAGATCCGCAAGCGCCCTTTGATTGAGACAAACGG
AGAAACAGGAGAGATCGTATGGGACAAAGGGCGGGACTTTGCTACTGTTAG
GAAGGTGCTCTCTATGCCACAAGTTAACATTGTCAAAAAAACTGAAGTGCAG
ACAGGTGGGTTTAGCAAGGAATCTATCCTGCCGAAGAGGAACTCTGACAAGC
TGATCGCCCGCAAGAAAGATTGGGATCCGAAAAAGTACGGAGGATTCGACTC
CCCCACAGTTGCGTACTCCGTGCTTGTCGTGGCCAAAGTGGAGAAGGGCAAG
TCTAAGAAGCTCAAGAGCGTCAAAGAGTTGTTGGGGATCACGATTATGGAGC
GGTCGTCTTTCGAAAAGAATCCGATAGATTTTCTCGAGGCCAAGGGTTATAA
AGAAGTCAAGAAGGATCTTATCATCAAGCTCCCTAAGTACTCCCTCTTTGAGC
TTGAAAACGGACGGAAAAGAATGCTGGCTTCAGCGGGTGAACTTCAGAAGG
GTAATGAACTCGCTCTGCCCTCAAAATATGTGAATTTCCTTTACCTGGCATCA
87 
 
CACTATGAGAAGCTTAAGGGGTCTCCAGAGGACAACGAGCAGAAGCAACTG
TTCGTTGAACAACACAAGCACTACCTTGACGAGATTATCGAGCAAATCAGCG
AGTTTAGCAAGCGCGTTATACTGGCAGACGCAAATCTTGATAAGGTCCTTAG
CGCCTACAACAAGCATAGAGACAAACCCATCCGGGAGCAGGCCGAGAACAT
TATTCATCTCTTCACCTTGACGAATCTTGGGGCCCCGGCCGCGTTCAAGTACT
TCGATACTACCATAGACAGAAAGCGCTATACATCGACAAAGGAAGTTCTTGA
CGCCACGCTGATCCACCAAAGTATAACAGGCCTCTATGAGACACGCATCGAC
CTTTCGCAGTTGGGCGGTGACCGCCCCAAAAAGAAGAGGAAAGTTGGCGGGT
GAACTAGTGAGCTCGAATTTCCCCGATCGTTCAAACATTTGGCAATAAAGTTT
CTTAAGATTGAATCCTGTTGCCGGTCTTGCGATGATTATCATATAATTTCTGTT
GAATTACGTTAAGCATGTAATAATTAACATGTAATGCATGACGTTATTTATGA
GATGGGTTTTTATGATTAGAGTCCCGCAATTATACATTTAATACGCGATAGAA
AACAAAATATAGCGCGCAAACTAGGATAAATTATCGCGCGCGGTGTCATCTA
TGTTACTAGATCGGAAATTAATTC 
 
Entry Vector Map 
 
       
88 
 
Destination Vector Map 
            
Gene Sequences 
All gene sequences come from Phytozome (www.phytozome.net). 
 
FT: 
ACCAACTAGCAGCAGCCAGTAGTAGCTAGTCCAGAGCTAGCTTTGAAGCTCA
GCTACTAGCAGCTAGCTGAAGGTCTCTCATCAGCAGCCGGCCGGCTGGTCAT
CTATCACCCAGCTCGAGCCAATTAAGTTGTTTGGAATAGAACACAAACAATT
AGTTAGTTCCTGCTCTCGATCGATCGATCTTGAGAGAATATAATATGGCCGGC
CGCAGGGACAGGGACCCGCTGATTGTTGGCAGGGTTGTGGGCGACGTGCTGG
ACCCCTTTGTCCGGACCACCAACCTGAGGGTCAGCTTCGGCACCAGGACCGT
GTCCAACGGCTGCGAGCTCAGGCCGTCCATGGTCACGCACCAGCCCAGGGTC
GAGGTCGGCGGCCTCGACATGAGGACGTTCTACACACTCGTGCGTGCACGCC
CATGGTTTCTGATCTTTTCTTCTACATCGTCCCAGCAGTGACTGTTAGTTTTCT
TCTTCTTCTTCAGGTGATGGTCGACCCGGATGCTCCGAGCCCAAGCGACCCCA
ACCTTAGGGAGTATTTGCATTGGTAATTAATTAATAATGAAGAAAGCTAGCT
CTTGTTCAGATTAATTATATTCTGTCAGTACATATGTAGTGTGCATGCTAGAC
ACAATTACAGGCGCTATCACGTACATCTTGTCGTCATGATGGATGATGCAGG
89 
 
GTGGCATATGCATGCCCACGGATTGACACCACGCTATTGCTCTGTCTTCTCAT
GCAGGCTGGTCACTGATATTCCAGGGACTACCGGGGCAACGTTTGGTGAGCC
ATCCATCAGCTCCCTGTCTTAATCTGTCCTCACTCTCTGCTGCCTCTGTCTTAC
AATTAAAATGGCACAACACAGATATCTATCTGTATCCTCACAGCAGGCATTA
ATATTTACACTTGTTGGGCTGCATAAATACACATGCAGGTCAAGAGGTGATG
TGCTACGAGAACCCTAGGCCGACGATGGGGATCCACCGCTTCGTGTTCGTGC
TGTTCCAGCAGCTGGGGCGGCAGACGGTGTACGCCCCCGGGTGGCGCCAGAA
CTTCTACACCAGGGACTTCGCCGAGCTCTACAACCTCGGCCCGCCCGTCGCCG
CCGTCTACTTCAACTGCCAGCGCGAGGCCGGCTCCGGCGGAAGGAGGATGTA
CCCTAATTGATTTATCGATGAACAAACACTCCCATCCAGCAGCAGCAGCAGG
AGCAGGCCACCATATCATCATCCGACCGACGACTCAACCACTCAACTGGTGA
TCAAGATATATATATATATATATACGAGTATTGTGTATATATATGATGGCTAG
CCACCACGCGCAGCAGTCAACGATGGCAATATATATATAGTGTATGTAC  
 
AP1: 
CCCGCGCACCACTCGAGTCGAGAGCCACCTGATCCTTCGTTCCCCGTCTTCCT
CTCCCCCGGCACGTCGCTGTCGCCATTGCCGCGCCGCTCGAGAGCGGAAGGG
GGTAGGTGGGGAAGCGGCGGGGATGGGGCGCGGGCCGGTGCAGCTGCGGCG
GATCGAGAACAAGATCAACCGCCAGGTGACCTTCTCCAAGCGCCGGAACGG
GCTGCTGAAGAAGGCGCACGAGATCTCCGTGCTCTGCGACGCCGAGGTCGCG
CTCATCGTCTTCTCCACCAAGGGGAGGCTCTACGAGTACTCCAGCAATGACA
GGTACGTACACCCGCTGCTTCGATCCCCTCTTCTTCCTGCCGGTTGCTATGAT
CGCCCGCTTGGGGTTTGAGGGCGCCGGGTGTGCTTGATGCTCCAATCGGGAT
CGTTTTCGTCTCCGATGGTCGGATTTTACATGGGGATCGAGTTGTGAGTAGTG
TTTTCGGATGCATGCATGTTTGGTTATTTCGTGCTAGTTTTGTGTGGATTAATT
CGTGCTGCACGGACGAGCTGAGGTGCATCAACGGTCGTTTCGATTACTTTGAT
CGTTGATTCCCTTTCCGGGTTTGGTTTATGTACAGCTGCTGCTGCTGATAGGTT
GCTAGGAATTAGTTTTGGTGTATTCCTTGGACCTGGAATATGTCTGGCCGATG
CTGCAGGTGTGCACTGAAGCATGACTGGTAGGACTGGTGAACCGCGATTGGT
GATTAGCACATGTAAAGTAGGTCTCAAGCTGCGCGAAAAGTGGGGCAAGTGG
TCAGAATTATTTCATTCATAAACACTGTGAAAAGGAAATATCAGCTGCGCGA
AATATAACTCAGATGTCGTCGGTGGAAGTGTTCTGATTAGTATCGATGTTTTC
ATCATGCGATTAAACTCTACAGTGTCGATTTGGTGCATTTGAGCATGTCTTCT
GCTAAAATAGACTACTGCTTTTGTCTTTTGAAATGCGTAATGGGGTATTGTTT
ATCAGTATTAGTATATTATTACATACTGTTCTTTGCTTCGTTGTTCCATGTATT
TGCAGTGGTACATGCATGTTGGCAATTTTCACATGGTCTGTGATACCCTGAAC
GAAATTCTATAGATACGTACAGATGCAGCTACCATATGTTGCATAAGAGATA
TCAGGATGGCTGCAATTAAATATCTGAACATTTACAGAAACTTCAGAAGAAC
CATTTCGCACATGTCATGTCTTCGAGGCATGTATTATACATATTTTGCGGTATT
AGAAGTGCTTGCAAGCTGATAATGTTATTTAAAAATTATATAGTTTGATTCCG
TGACCTTTTCAGTACATTTTCGAATTTCAGTCCCTTTACAGTAAATAAACACC
ACAACCATGGCTACACACATGAAGTGAATTAGATCGTTGATTATTGGAAAAA
TAGACCTTATATTGTTAAAAGTTAGATTCCATGAGAATAGCATGAGTGCATCT
TGTGATCTTGTCCATGCAGCATAGCCATGTATAACTGATCCGTTCAGTCAAAA
ATCTTACTGATAGCTTTACTTCCCTCATACTGTTATTATCTGTACCTCTAATGC
AGGACAAAAACTCTTAGTGTTTCAACAAGAAATAGCAAGTTTATCTTTTGCAC
90 
 
AAAAGTGGCATGTGCTGGTGGTAAAATGCAAACTTGACATATGCTAGGCTCA
AATCATGGCTAAATTATTTCATCCTTTTCTCTTAAAGAAAGTTGATACTGGCA
ATACTGGTTAGTGGTAACTGGTAACGAAATAAGCCCTTCTGGGTTCCAAATAT
TTTATAGGAAAAATTATTTATAATGATATAATTTGGTTTAAGCTCGTGCAAAT
TTTATCTAGCTATTTGTCATGCAAAATGGTGCTACTGGTTACAGTGATGAGTC
TGAATTGAAAACATCAATAGATTAGAAAAAAATCACTGTCATATTAACGTGA
TTTACGAAGTGTATTGTTCTATACTACTAAAAAAGGTTGGTGCTAGTATGCTA
AGTCTGTAAACGGTTTTATCCACCTGATTATTGACAAAGTAATGGAAGATTTT
GTTTGCGTAAGTAGCTTGCTATATTTTTGTACTCATGACATGTTCTTGCATTCT
AAAACATTCTTTGAGGTCACATTTGAACTATGAAGCACCATGAGTTGGTTCAT
TGAATAATAACCAGCTTCTCTGTGCATGTGATGACACAGTTGTTCTAGCCATG
CTTGCATTATACATGTTATTCGAGGTTAACTGCCCGATGTTTTCTGCAACTTCA
GGATCAGGAAAAAAAATGATTGTATGCATCTTGCATTCCTTAGATAGGGAGA
AACTTAAGCCTGGCCGATGGGCCACCTTGAATACTGCGCATTGTGAATTTTGC
CGTAGTTTTGTCACACAAGACTTACAATATACTGCACCTAGTAATATAAAGGC
GCAAAAGAAAAATAAAATCGTACCTGCCTAGTCATCTGATTATATTATATAT
GTTTAAATGAGACATCAACATTTGCAGCTGGAGCATGACATTGCTATTGATAC
TTCTTATTATGCAGCATGGAAGGCATTCTTGAGCGTTACCAACGATACTCGTT
TGAAGAAAGAGCAGTACTTGATCCAAATATTGGAGACCAGGTATAATTATGA
AATATACTTATCTACCAGAGACTATCATTCCATTAAAATCAACGTGATCCTTT
TTGCACCAGGCAAACTGGGGAGATGAATATGGCTGGTTAAAGACCAAACTTG
ATGCACTTCAGAAGAGTCAGAGGTATTTTAGACTTGCTTAAGAAGATTCATTA
TTCAGTTTACAATAATAGCTACTGACTCACTGTTTCTATCTATTCCCAACTGA
AGGCAACTGTTAGGAGAACAACTGGATTCACTTACCGTAAAAGAACTCCAGC
AACTGGAGCAACAACTGGACAGCTCTCTGAAGCATATAAGATCAAGAAAGGT
GAATCAATTGGGCTAAAGTTGGTGTTGTGGTGCACAGCTACTTCGTTTATTTA
CTAAATTCTTTGTCAATTAATTATTATATCATAACATTCTTTTTCTTGGTGCAG
AATCAGCTCATGTTTGATTCAATTTCTGAGCTTCAGAAAAAGGTTAGTTACAA
TCCTTTTGATTCCTTTGTACCTCGCATGTAACATGAGCCACTAGGGAAAGTTG
ATGGTATGAGCACACTTTGCTAGAATTTGAGGAAGGAGAGTAAACTTTCCAG
ACTCATAATGATACACATGTTTCAGTAATTCAGTAAGATTAATGTATTTTTGA
TGTAGTTCTATATCTACAATTTGCTATTAATGTTCATTTGTTATGCTTAAATCT
TATCTGAACATCTGAGTTTTCATTGTTTACAAACATTACATCATGCAACTGCT
GCAGAACGCTCTAAACCAGAATCAAGTTCTGTCTCTATAGAGGTCTCATTTAA
TCAATGGAAGATTTGAATCTGTGTATGAAATGAGATCAGCCTAAGATATATT
CAGGAAATGCAAATTGGTTTTCAAGTGAGAGCCAAGCAGATGATAACTATCA
CATTAAGGGAGAGAATGGATTGAATTAGTAAGGGTTTGGGTTAGACTGAAAC
TGATCTCCAGTGCACTCTTTAAGCATAGGAGATGTCTTAATATTGGCTACAAG
TTACCATGAAATAGTGAAAGAAAAAAGAGTCTGGAAAAGATAGTCTAAGAA
AGCACTAAGCTGTCAGCATTTCAGCAGACTTAACTGTAGCTAGTCTGGCAAC
AAACCTGTATCAAAATACTGAATGCTGATAATATTTGTTATGACAGCATCTTA
CAATCAACTGTCTTCGCTTGTGCAGGAGAAATCACTTACAGATCAAAATGGT
GTCCTGCAAAAGGTAGAGATTCCTTTCTTATACATGATAGCGAGATAAGTCA
CGATAGTAGCAAATTTAGTTTAGGTGGTCAGACTCTTCTATTAACTGTATTTA
GAACAGCTCATGGAGGCAGAGAAAGAGAAAAACAATGCATTAATGAATGCA
CACCTCCGGGAGCAGCAAAATGGAGCATCAACAAGCTTGCCATCACCACCGC
91 
 
CATCAACAGTTCCAGATTCCATGCCAACTCTAAATATTAGGTATCATACTCCC
ATCATCTTCAGTGTATCTTGCATCTTCACACCTTCATTATTTTTAGCAAAGCAT
TGGCTGTGTTCTTTCTTCTGAGGTCCCAGTACGTTAGCTGATGATGGACTATG
CTCTAGATTTGTCAAAAAGAAAAATGATGAATTAGTTCGATAAAGTGCTGTC
AGTCCACATATCAAACTAATTCATCACTTTATGGTTTCACTTTGCTATCTAAA
CCTTTCATGTTACTGATGTTACACACGCTTACACCAGTAGTCCAGCATAATTA
CTCTATATCACTCATCCTCATCATTGTAGGCCGCGTCAACCTAGAGAAGGAAC
AGTAGGGGAGTCTGAACCTGAATCGTCTCCTGCTCAAGTGAACAGCGGCAAG
CTGCCTCCATGGATGCTACGCAGTGTCAGTAACAGATGAGCTGTTCCTGATAC
GGTTCTGCGGCTGAACTCGGATGGCAAACACACCGTCACCAACACCCTTCGG
TGACCCAGGCATCCATACCGGCTCGATCCAGTAGATGCCAGCATAGTCACTA
ATAATAAGATCAGGTATCAAGTGCTTTACAGGGTGAATAAAGTCTGAAGCTC
CTCTGCACCATCATATTGCGTTTTGTTCTCGCGTCTGCTGTCTACCTTTTTTTTT
TCTCCGATCGACAAGCTCGTGGTTGGAGATGTATGCTGTATCATGTTTTTCGT
GTTTACACTTTTACGAAAACAGAAGGCTCTTCTCCTGGTAAGGGTTGAGTCCC
GATCAAAGTGTCAAATGCGTAATTCGGTATCTTAGCAGTATTAACAGCACGA
TTTCTAACCATGTTTATGATGGTCAAATACTCTGAGTCATTTTTTTGAAATGG
AAAATACCGAGTCTAATGA 
 
BRI1: 
CGGGCGCGCCCGGCGGCACGTGACCCCGCCTCGCGCAGTGCACAGCCTGCCC
CCGATCGGGGCAGCCCCCGCCGTCGGATCGGATCGGGATAAACCTCGCCGGG
GGCAGCGGATAAGCGCCGTGGTTAGAATACTAACCCGCCTCGGCCCCCGGGT
TAATTAGGGCTGCGATTCGCGATGAGGGGCAGCAGGCAGGGTCACATGCCAT
GTGACGTGGCCCCACCACCACTCCCTTCCCTCACCTACAGCTGTTAATTTGCT
CCCCGTCTCCTCCACCTCCCCCTTCTCTCTCTCTCTCTCCAGTCTCCACTGTTG
CTTCTTTCTTCCAGCCTCTTCTCTCTCTAGCCCTACTAGCTCTAGCAGCAGCCC
ATCCTCCCCCTGCTCACTCCCTCTCTCCTCCCCCCACTCTCGCAATCCCTTCTC
CGGCCACCTCGACGGCTCCTCCTCCCCCACATCGCCGACCCGCTACTTTAATG
GTTTTAAGGTAGCGCGCGAGCTCATGGAATCCCCGGGGCTGGTCGCGGTGGT
GGCGCTCTTCGTCGCCGCGGCGGTGGCCGCCTCAGCCCCCGACGACGCCCAG
CTGCTCGAGCAGTTCAAGGCGGAGGTGCCGGTCCCGGCCGCGGGCCTCCGCG
GGTGGAGCGCCGCCGACGGCGCCTGCAGGTTCCCCGGCGCGGGCTGCAGGGC
CGGCAGGCTCACGTCGCTGTCGCTCGCCGGCGTGCCGCTCAATGCCGACTTCC
GGGCCGTCGCGGCCACGCTGCTGCAGCTGGGCGGCCTCGAGACGCTCAGCCT
CCGCGGCGCCAACGTCAGCGGCGCGCTGGCCGCCGCCCCGAGGTGCGGGGCC
AGGCTGCAGACGCTCGACCTGTCCGGGAATGCCGGCCTGCGGGGCTCCGTCG
CCGACGTCGAGGCGCTGGCCGCCGCCTGCGGCGGCCTCACGGCGCTCAACCT
CTCCGGGGATTCGGTTGGCGGGGCGAGGCCAGGCGGCGGCGGCGGCTCCGG
ATTTGCCGTACTCGACGCTCTCGACCTGTCCGGCAACAAGATCTCCGGCGAC
GGCGACCTCCGGTGGATGCTGGGTGCCGGCGTCGGCGCTGTCCGGCGTCTGG
TCCTCTCCGGGAACAAGATCTCTGGCCTCCCGGAGTTCACCAACTGCTCTGGG
CTCGAGTACCTCGACCTCTCCGGCAACCTCATCGCCGGCGAGCTGGCCGGCG
GGTCCCTCTCCGACTGCCGCGGCCTGAGCACGCTAGACCTGTCCGGCAACCA
CCTCGCTGGCCCGTTCCCGCCGGACGTCGCCGGCCTCACCTCGCTCGCCGCTC
TCAACCTTTCAAACAACAACTTCTCCGGCGAGCTCCCCGCTGACGCTTTCACC
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GGGTTGCAGCAGCTCAAGGTGCTCTCCCTCTCCTTCAACCACTTCAACGGCAC
CATCCCGGACTCCTTGGCCGCGCTGCCGGAGCTCGACGTGCTCGACCTCAGCT
CCAACGCCTTCTCCGGCACCATCCCTTCATCCCTCTGCCAAGACCCCAACTCC
AGCCTCCGCATGCTGTACCTCCAGAACAACTACCTCTCCGGGGCGATCCCGG
AGTCAATCACCAACTGCACCAGGCTCGAGTCTCTCGACCTCAGCCTCAACAA
CATCAACGGCACCATCCCTGCATCCCTCGGAAAGCTCGGTGAGCTCCGGGAC
CTCATCCTATGGCAGAACTTATTGGAGGGCGAGATACCGGCGTCCCTGGAAA
ATATGCACAAGCTCGAGCATCTGATCCTCGACTACAACGGGCTCACTGGTAC
AATCCCGCCGGAACTGGCCAAGTGCAAGGAGCTCAACTGGATATCCCTGGCG
AGCAACCTGCTGTCCGGCTCGATCCCTTCTTGGCTTGGGCAGCTCAGTAACTT
GGCCATCTTGAAGCTGAGCAACAATTCCTTCTCGGGACCAATACCGGCTGAG
CTTGGCGACTGCCAGAGCTTGGTGTGGCTGGACCTGAACAGCAACCAGCTCA
ATGGGTCGATACCTGCGGAGTTGGCAAAACAGTCTGGGAAGATGACAGTCGG
CCTTGTCATCGGGCGGCCTTATGTGTATCTTCGCAACGACGAGCTAAGCAGCG
AGTGCCATGGTAAGGGGAGCTTGCTAGAGTTCAGCAGCATCCGACCTGAAGA
CCTCAGCCGGATGCCGAGCAAGAAAATGTGCAACTTCTCTCGAGTGTACATG
GGGAGCACAGAGTACACCTTCAACAAAAATGGATCCATGATATTTCTAGATT
TGTCATTTAATCAGCTGGAGTCAGAGATCCCGAAGGAGCTTGGGAGCATGTA
CTACCTCATGATCATGAATCTCGGGCACAACCTACTGTCTGGCCTCATCCCAC
CAGAACTAGCTAGTGCCAAGAAGCTTGCGGTGCTTGACCTGTCGCACAATCA
GTTGGAAGGGCCTATACCCAACTCTTTCTCATCACTGTCCTTGTCAGAGATCA
ACCTATCAAATAATCAGCTGAATGGGTCAATTCCAGAGCTCGGCTCCCTTGCC
ACATTCCCAAGGATGTCTTATGAGAATAACTCTGGTCTCTGTGGCATCCCACT
GCCAAAATGTGACCACAATGCTGGTTCAAGTTCTTCCGGCGACCTGCAATCC
CACCGGAGGAAGCAGGCATCACTCGTAGGTAGTGTTACTATGGCACTCCTGT
TATCGTTATTCTGTATATTTGGAATTGCCATCATAGCTATTGAGTGCAAGAAG
CGGAAGCAGAAGAATGAAGATGCAAGTACTGCTCGTGATATTTACATTGATA
GCCAGACACATTCTGGGACTATGAATTCTGCTTGGAGACTCTCTGGTACAAAT
GCCCTCAGCATCAACCTTGCTGCATTTGATAATCCCCTGCAGAAACTCAGCTT
GGAAGATGTTATTGAGGCCACAAATCACTTCCACAATGATAGCCTAATAGGC
TCTGGTGGTTTTGGGGATGTCTACAAGGCCCGGCTCAAGGATGGAAATACCG
TTGCAATCAAGAAGCTTATACATGTGAGCGGCCAGGGTGACCGGGAGTTTAC
TGCAGAAATGGAGACCATTGGCAAGATCCAACACCGCAACCTTGTTCGGCTT
CTTGGCTACTGCAAGGTTGGTGAGGAGCGGCTGTTGGTGTATGAATACATGA
GGTATGGCAGCTTGGAGGATGTGTTGCATGATCGCAAAAAGATCGGAATTAA
GCTGAGTTGGGCAGCAAGGCGAAAGATCGCCATTGGTGCTGCAAGGGGATTG
GCATTCCTCCACCACAACTGCACCCCGCACATTATCCACCGAGACATGAAGT
CGAGCAACGTGCTTATTGATGAGAACTTGGAGGCAAAGGTATCAGATTTTGG
TATGGCAAGGATGGTGAATGTGGTGGATACACACCTGAGTGTGTCCACCCTT
GCCGGTACTCCGGGTTATGTACCACCGGAGTACTATCAGAGCTTCAGATGCA
CTACCAAGGGCGATGTGTACAGCTATGGTGTTGTGTTGCTCGAGCTGCTCACA
GGGAAACCGCCTACGGACTCAACAGATTTTGGCGAGGACAACAATCTTGTAG
GATGGGTCAAGCAGCACACAAAGTTGAATGTCACAGATGTATTTGATCCTGA
GTTGCTGGAGGATGATCCAGCCGTGAAGATTGAGCTGCTGGAGCACCTAAAG
GTTGCTTGTGCTTGCCTGGATGACAGGCCATCAAGACGGCCAACAATGCTGA
AGGTCATGGCAATGTTCAAGGAGATCCAAGCGGGGTCGACGGTCGACTCGAA
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GACCTCATCAGCATGCACAGGCTCGATCGATGATGCAGGTTTCGGTGGCCTG
GAGATGACGACCCTGAATGAAGACAAGGAGGAGAAGGATTAGCAAGACCTC
ACCGACAAGGGAGAAACTGGCCACAGCGAGTTGCCCGGGGTGAGTCCGCAG
TTACACGGCCAGTCAGGGGCAAAATGCCCTTAGTGGACCAGTTCGTCACGCA
ATACCATGTGAAGCCTCTTGTGAGCTTAGCATTCCCTTCTGATGGTACAAGAC
AGAAGTTTTCCCTCGTAGCTTCGTCAGTTGAAGATGTTATGTACCTATGGGAG
TAGGTCGATTTTCATTTCTTTTTTTTTCAGCTTTGTTCATCTCATCTCGTCACAC
TTCAGTAAGAGCTGTGTATGTAAATATATAAATGGTGATTTTTCTTCAGTGCG
AAATGCATTTCGTGCCATTCCCCTCTGCCAAATTTTACTTTCCCTTTTGTTTAA
CGGTGTGAAAGCGTACTCATCAATAATGTAGTACATCAGTACATCAAAATGC
ATGA 
 
PGM: 
GCAGCATTCCAGGAGTCTGCAACACCATTCCTCTCCCTTTCCCTGCAGCGGTT
AGGCGCCGATCGAGCGATGTCACCTGCAATTCCTGCATCGCCACACGGCGAT
CACTTCACGGAGCTGGTGGTGGTGCGGCATGGACAGACGGAGTGGAACGTCT
CCAGCACCATTCAGGTTGGTTCTTGATCTTGTGTAATTCATTTCCTACTGTTCT
TCCTTTACTTTTATCCATCAGACAAAGGCTCAGAAATTCTCTTTATGTATGAA
CAGGGACGGGTCGATCAGGAGCTGAACGAAACTGGTAGACAGCAAGCTGCC
ATGGTATGCTACACTTTGTGAGATCATGAGTTCATGACGTGGGGTTGTAATTT
GGCGCTTTATGTGATTCTGATTCTGTTTCAAACCCTGAAGGTTGCCCTTCGGC
TGTCCCAAGAAGCCAAGCCAGCTGCAGTCTACTCTGATTTGAAGCGTGCTGA
TGAGACTGCGCAAATGATAGCAGCAGCGTCCTCTGTATCTGACGTATGAATA
CTATGGAACAACTTGAATTACTATTAGTTTGTGATAATGTTTCTTACTTTATAT
TCCAATAAATGGACTACTGTCTGCCTGTTTAGTTCCCAAAAAATTTTCTACGG
TGTCCGTCACATCGAATTTTTGGAACATGTATGGAGCATCAAATGCAGTTGGA
AAAAATAACTAATTACACAGTCTAATTGTTTCATACGAAATGAATCTTTTAAG
CTTAATTAGTTCATAGTTGAACATTAATTATCAAATAATAATGAAATATGCTA
CAATTTCAAAACTCAAAATTTTTCACGAACTAAACACATCTTGTGTGTTTGTT
TCAGCTGGTGCGTGATCAGGCACTGACAGAAAGGCACATGGGATTGTTCCAA
GGAATGAAGATTGACGATGTCCTCAAAACAGACGCTTACAAGTCTTACTCAT
CCAACATTGACAGAAATGAGGAACTACTTGTAAGGCAGCAACTAACTTCCAT
TCTCTTCCAAAGTCCTACTTTGTCTTATTTGAAGTAATACACTAGGGCCATGTT
TAGTTGGTGAAAATGTTTGCATAGTACCCGTTACATTGAATCTTCGGATATAT
GTATAAAGTATTAAATGCAGTTGAAAAATAACTAATTATACAGTCTAACTAA
TTAGCACGAGATGAATCTTTTAAGCCTAATTAGTCCATGGGTGGACATTATCA
GACAAGTAACAACGAAATGTGCTACAGTACCAAAACTCAAACCTTTTCACCA
ACTAAACACACACCCTAGGCATTTACCGTTTTGACACAGCCACATGCTTACCG
CAAATTGCAACGCTTACCGTTTTGACACAGCCACGTGCTTACTGCAAACTATG
TGCTGACAAATCATTTTCTAATTTAGTAAAAGGAGGCCTTTCCTCCGTTGATT
GTTACTACTTTAGTACTCACTAGTCACCTTTTTGATAACAGGGTGGTGGGGAG
AGTCTTAATCAGCTTTCCGAGCGCTGTGTTTCCCGCTTGAACGCCATAGCTGA
GAAGCACAAGGGTAAAGCACCAATCCACATGTTTTCTTGTGCTCTGTATTCAG
TACAATGCAGCAGATAAAAGTCGATGTCGCTGCACAGTAGTAGCACCATCTC
TATCAAAACTCTGATGTGTGCATAGCTTTGACAGCCAATTTCATGCTGCAAAC
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TGAAGTTGTCACATTCGTGTTGCGTTAACAGGTGAGCGGGTGGCCGTGGTCA
CCCATGAAGAA 
 
gRNA Target Strand Sequences 
FT: GGGACCCGCUGAUUGUUGGC 
 
FTx2: GGGACCCGCUGAUUGUUGGC, GCCCAAGCGACCCCAACCUU 
 
AP1: GCAGUACUUGAUCCAAAUAU 
 
AP1x2: GCAGUACUUGAUCCAAAUAU, GCCAGCAACUGGAGCAACAAC 
 
BRI1: GAAGGUCAUGGCAAUGUUCA 
 
BRI1x2: GAAGGUCAUGGCAAUGUUCA, GUGUUGCUCGAGCUGCUCAC 
 
PGM: GCACGGAGCUGGUGGUGGUG 
 
PGMx2: GCACGGAGCUGGUGGUGGUG, GAUCAGGAGCUGAACGAAAC 
 
Primer Sequences 
Sequencing of FT and FTx2: 
 FT1F: GCATGACACCAACTAGCAGC 
 FT1R: CCACCCTGCATCATCCATCA 
 
Sequencing of AP1 and AP1x2: 
 AP1F4: ATTTGCAGCTGGAGCATGAC 
 AP1R4: GCCATATTCATCTCCCCAGT 
 
Sequencing of BRI1 and BRI1x2: 
 BRI13F: CACACCTGAGTGTGTCCACC 
 BRI13R: CTTGTCGGTGAGGTCTTGCT 
 
Sequencing of PGM and PGMx2: 
 PGMF1: CATTCCAGGAGTCTGCAACA 
 PGMR1: AGGACGCTGCTGCTATCATT 
 
Transformation check PCR: 
 Cas9R: CCTGTTGTCAAAATACTCAA 
 FT coding: GTGTGGGACCCGCTGATTGTTGGC 
 AP1 coding: GTGTGCAGTACTTGATCCAAATAT 
 BRI1 coding: GTGTGAAGGTCATGGCAATGTTCA 
 PGM coding: GTGTGCACGGAGCTGGTGGTGGTG 
 hptF: GCGAAGAATCTCGTGCTTTC 
 hptR: TCTACACAGCCATCGGTCCAG 
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Preparation of pENTRY4:gRNA4 Entry Vector 
1. Incubate single colony of E. coli containing pENTRY4:gRNA4 in 5 mL LB and 5 µL 
 kanamycin overnight at 37 °C 
2. Extract plasmid using Mini Plasmid Kit from IBI Scientific, to elute DNA warm elution 
 buffer  to 65 °C before placing on column, after placing 50 µL elution buffer on 
 column incubate at 65 °C for 10 minutes 
3. Linearize entry vector: 
 8 µL circular vector 
 1 µL NEB 10x cutsmart buffer  
 1 µL BsaI or BtgZI endonuclease 
 37 °C for 16 hours 
4. Gel clean linearized vector with Gel/PCR DNA Fragments Extraction Kit from IBI 
 Scientific, elute linearized vector same as in step #2 
 
Phosphorylate and Anneal ssDNA Target Strand Oligo Pairs 
1. Set up poly nucleotide kinase (PNK) reaction: 
 4 µL oligo 1 10 µM 
 4 µL oligo 2 10 µM 
 1.5 µL 10x T4 PNK buffer 
 1 µL ATP 
 3.5 µL H2O 
 1 µL T4 PNK 
 15 µL Total 
 37 ° C 30 minutes (can be run for 16 hours), 99 °C 5 minutes 
 
Entry Vector + dsDNA Target Strand Ligation (Entry:Guide) 
1. Set up Ligation reaction: 
 4 µL linearized entry vector 
 4 µL annealed dsDNA Target Strand 
 1 µL 10x ligation buffer 
 1 µL T4 DNA ligase 
 10 µL total 
 16 °C for 16 hours 
2. Transform into E. coli 
 
E. coli Transformation Protocol 
1. Add 5 µL ligation product (entry vector + dsDNA target strand) or Gateway reaction 
 product into 50 µL DH5α E. coli competent cells in a microcentrifuge tube 
2. Sit mixture on ice for 30 minutes 
3. Incubate in 42 °C water bath for 1 minute 
4. Place on ice for 2 minutes 
5. Add 950 µL liquid LB medium 
6. Place in a 37 °C shaker for 30-60 minutes at 150 rpm 
7. Centrifuge at 14,000 rpm for 1 minute at room temperature, discard 900 µL of 
 supernatant 
96 
 
8. Resuspend cells with remaining supernatant and plate onto LB plates containing 50 mg 
 L-1 kanamycin 
9. Incubate at 37 °C for 16 hours 
10. Can be stored at 4 °C 
 
Gateway Reaction 
1. Culture E. coli containing entry:guide and extract plasmid same as under “Preparation 
 of pENTRY4:gRNA4 Entry Vector” steps 1&2 
2. Linearize with ApaI: 
 10 µL entry:guide 
 5 µL 10X cutsmart buffer 
 34 µL H2O 
 1 µL ApaI 
 Incubate for 16 hours at 25 °C 
3. Gel clean as under “Preparation of pENTRY4:gRNA4 Entry Vector” step 4 
4. Culture E. coli containing pBY02:OsCas9:ccdB destination vector in 5 mL LB and 5 µL 
 kanamycin for 16 hours at 37 °C and extract plasmid 
5. Run LR Clonase reaction: 
 8 µL entry vector 
 1 µL destination vector 
 1 µL LR Clonase 
 25 °C for 16 hours 
 Add 1 µL Proteinase K 
 37 °C 10 minutes 
6. Transform into E. coli 
 
Agrobacterium Transformation Protocol 
1. Add 5 µL LR Clonase reaction product into 50 µL C58C1 Agrobacterium competent 
 cells in a microcentrifuge tube 
2. Sit mixture on ice for 5 minutes 
3. Submerge in liquid nitrogen for 5 minutes 
4. Incubate in 37 °C water bath for 5 minutes 
5. Add 950 µL liquid LB medium 
6. Place in 28 °C shaker for 2 hours at 150 rpm 
7. Centrifuge at 14,000 rpm for 1 minute at room temperature, discard 900 µL of 
 supernatant 
8. Resuspend cells and plate onto kanamycin, rifamycin, and gentamicin containing LB 
 plates 
9. Incubate at 28 °C for 48 hours 
10. Can be stored at 4 °C 
 
Callus Transformation Protocol 
1. Subculture embryogenic calli on Maintenance medium for 10 days prior to 
 transformation 
2. Culture Agrobacterium in 3 mL LB + Kanamycin 50 mg L-1 + Rifamycin 50 mg L-1 + 
 Gentamicin 100 mg L-1 and incubate for 16 hours in a 28 °C shaker at 150 rpm 
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3. Add step 2 to 50 mL LB + Kanamycin 50 mg L-1 + Rifamycin 50 mg L-1 + Gentamicin 
 100 mg L-1 and incubate for 16 hours in a 28 °C shaker at 150 rpm 
4. Transfer Agrobacterium to 50 mL centrifuge tube 
5. Centrifuge at 4,000 rpm for 10 minutes at room temperature 
6. Discard supernatant and resuspend in 1 mL Agrobacterium Resuspension medium 
7. Add Agrobacterium Resuspension medium until O.D. measurement is 0.7-0.8 at 650.0 
 nm 
8. Transfer embryogenic calli onto empty petri dish 
9. Add resuspended Agrobacterium until embryogenic calli are submerged 
10. Cover and place petri dish on shaker at room temperature at 75 rpm for 10 minutes 
11. Remove from shaker and draw off Agrobacterium Resuspension with a pipette  
12. Place 5 pieces of autoclaved filter paper on the bottom of a new petri dish 
13. Transfer embryogenic calli onto filter paper, calli should only form a single layer 
14. Cover petri dish and place in the dark at 24 °C for 3 days for desiccation treatment 
15. Transfer calli to Resting medium for 3-7 days 
16. Transfer calli to Selection medium 
 
ExoSAP-IT Reaction for Sequencing 
1. Add 5 µL PCR product to new PCR tube 
2. Add 4 µL ddH2O 
3. Add 1 µL ExoSAP-IT 
4. Run in thermocycler at 37 °C for 30 minutes, then 80 °C for 15 minutes 
 
Medium 
MS: 
 Major (10X)  100 mL L-1 
 Minor (100X)  10 mL L-1 
 Fe-EDTA (100X) 10 mL L-1 
 Vitamin (200X) 5 mL L-1 
 Maltose  30 g L-1 
 pH to   5.7-5.8 
 Phytagel  2 g L-1 
 After autoclave: 
 2,4-D   5 mg L-1 
 6-BA   1 mg L-1 
 
Callus Induction: 
 MS 
 
Maintenance: 
 MS + 2 g L-1 L-Proline 
 
Resting: 
 Maintenance + 200 µM Acetosyringone + Timentin 150 mg L-1 
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Selection: 
 Maintenance + Timentin 150 mg L-1+ Hygromycin 100 or 200 mg L-1 
 
Regeneration: 
 MS w/3 g L-1phytagel + Timentin 150 mg L-1+ Hygromycin 20 or 50 mg L-1+ KT 
 1 mg L-1 
 
Rooting: 
 ½ MS w/30 g L-1Maltose + Timentin 150 mg L-1+ Hygromycin 50 mg L-1 
 
Agrobacterium Resuspension: 
 Major (10X)  10 mL L-1 
 Minor (100X)  1 mL L-1 
 Fe-EDTA (100X) 0.5 mL L-1 
 Vitamin (200X) 5 mL L-1 
 Sucrose  30 g L-1 
 pH to   5.4 
 After autoclave: 
 Acetosyringone 200 µM 
 
LB: 
 Bacto Tryptone  10 g L-1 
 Bacto Yeast Extract  5 g L-1 
 NaCl    10 g L-1 
 pH to     7.0 
 
SOC: 
 Bacto Tryptone  20 g L-1 
 Bacto Yeast Extract  5 g L-1 
 MgSO4   4.8 g L
-1 
 Dextrose   3.603 g L-1 
 NaCl    0.5 g L-1 
 KCl    0.186 g L-1 
 pH to    7.0 
 
E. coli Culture: 
 LB + Bacto Agar 15 g L-1 + Kanamycin 50 mg L-1 
 
Agrobacterium Culture: 
 LB + Bacto Agar 15 g L-1 + Kanamycin 50 mg L-1 + Rifamycin 50 mg L-1 + 
 Gentamicin 100 mg L-1 
 
Gene Cloning Protocol 
1. PCR amplify the area of interest and clean with ExoSAP-IT 
2. Prepare LB plates containing 100 mg L-1 ampicillin, 1 mM IPTG, and 200 mg L-1 X-Gal 
3. In a PCR tube add the following reagents for ligation reaction:  
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 ddH2O-volume should be enough to bring the final reaction to 10 µL 
 T4 DNA Ligase buffer – 1X 
 pGEM®-T Easy vector – 1 µL 
 PCR product from step 1 – 1 µL 
 T4 DNA Ligase – 1 µL 
4. Incubate for 16 hours at 4 °C 
5. Add 5 µL of ligation reaction to 50 µL DH5α competent E. coli 
6. Incubate on ice for 20 minutes 
7. Heat shock at 42 °C for 45 – 50 seconds 
8. Incubate on ice for 2 minutes 
9. Add 950 µL SOC medium and incubate with shaking at 37 °C at 150 rpm for 1.5 hours 
10. Plate 100 µL of transformation culture onto LB/ampicillin/IPTG/X-Gal plates 
11. Incubate for 16 hours at 37 °C 
12. White colonies are the successful transformants 
 
T7 Endonuclease Digestion   
1. PCR amplify the area of interest: 
 10 µL Green MM 
 7 µL H2O 
 1 µL forward and reverse primer (each) 
 1 µL DNA template 
 20 µL total 
 Initial Denature: 98 °C 5 minutes 
 30 cycles: 
  Denature: 98 °C 30 seconds 
  Annealing: 55-60 °C 30 seconds 
  Extension: 72 °C 1 minute 
 Final Extension: 72 °C 5 minutes 
 Hold: 4 °C 
2. Clean with ExoSAP-IT: 
 10 µL PCR product 
 9 µL H2O 
 1 µL ExoSAP-IT 
 37 °C 1 hour 
 80 °C 15 minutes 
3. Denature ExoSAP-IT/PCR product by incubating at 95 °C for 2 minutes 
4. Anneal mismatched amplicons by dropping denaturing temperature down to 85 °C by 2 
 °C second-1 
5. Immediately drop temperature from 85 °C to 25 °C by 0.1 °C second-1  
6. Can be held at 16 °C or 4°C 
7. Run T7 reaction: 
 10 µL Annealed Mismatched Amplicons/ExoSAP-IT/PCR product 
 2 µL T7 10X buffer 
 7 µL H2O 
 1 µL T7 Endonuclease  
 37 °C 30 minutes 
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8. Visualize on agarose gel 
 
Stock Solutions 
10X MS Major: 
 NH4NO3   16.5 g L
-1 
 KNO3    19 g L
-1 
 MgSO4 7H2O   3.7 g L
-1 
 CaCl2 2H2O   4.4 g L
-1 
 KH2PO4   1.7 g L
-1  
 
100X MS Minor: 
 MnSO4 H2O   2.23 g L
-1 
 ZnSO4 7H2O   0.86 g L
-1 
 CuSO4 5H2O   2.5 mg L
-1 
 KI    83 mg L-1 
 CoCl2 6H2O   2.5 mg L
-1 
 H3BO3    620 mg L
-1 
 Na2MoO4 2H2O  25 mg L
-1 
 100X MS Fe-EDTA 
 FeSO4 7H2O   2.78 g L
-1 
 EDTA    3.73 g L-1 
 
200X Vitamin: 
 Nicotinia Acid  100 mg L-1 
 Pyridoxine HCl  100 mg L-1 
 Thiamine   20 mg L-1 
 Glycine   400 mg L-1 
 Myo-Inositol   20 g L-1 
 
DNA extraction protocol-CTAB  
1. (Optional) Preheat 2x CTAB (CTAB) extraction buffer at 65 °C for 30 minutes 
2. Grind plant material to a powder in liquid nitrogen and transfer to 1.5 mL 
 microcentrifuge tube 
3. Add 0.5 mL CTAB to tube (approximate ratio is 1 g tissue:2 mL CTAB) 
4. Add 10 µL 2 beta mercaptoethanol (per 0.5 mL CTAB) 
5. Mix by inverting tube and incubate 30-60 minutes at 65 °C, invert tube several times to 
 keep reagents mixed during this time 
6. Remove from water bath and cool at room temp. 3-4 minutes 
7. Add 0.5 mL chloroform:isoamyl alcohol (24:1), (equal volume of chloroform:isoamyl 
 alcohol to CTAB), invert vigorously for 7 minutes 
8. Spin at maximum for 10 minutes 
9. Pipette out the supernatant, be careful not to pipette the interface up, add to a new 1.5 
 mL microcentrifuge tube (recommended that you use a 200 µL pipette for this 
 step) 
10. Add 0.4 mL isoproponal (equal volume isoproponal:supernatant) to tube containing 
 extracted supernatant (optional), add isoproponal that is ice cold for better 
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 precipitation of DNA, DNA should precipitate in white clumps at this step, can be 
 stored in -20 °C for up to 1 week, if DNA precipitates well then proceed to next 
 step, if not incubate at -20 °C for 20 minutes 
11. Centrifuge at maximum for 5 minutes, DNA should form a clump at the bottom of the 
 tube 
12. Remove and dispose of supernatant (be careful of simply pouring off supernatant at 
 this step as the DNA clump will still move, recommended to pour off most of 
 supernatant–while keeping an eye on the DNA clump–and remove the rest with a 
 pipette) 
13. Add 0.5 mL CTAB wash #1 
14. Incubate on ice of 20 minutes, (optional) spin at maximum for 2 minutes after 
 incubation 
15. Remove supernatant in same manner as in step 12 
16. ADD 0.5 mL CTAB wash #2 
17. Incubate on ice of 20 minutes, (optional) spin at maximum for 2 minutes after 
 incubation  
18. Remove supernatant in same manner as in step 12 
19. Add 50 µL TE and 1 µL RNAse (10 mg mL-1) 
20. Incubate at 37 °C for 30 minutes 
21. Add 50 µL of 7.5 M Ammonium Acetate and 0.25 mL 100% EtOH, invert to mix 
 (ratio is 0.5 volume Ammonium Acetate to 2.5 volume EtOH) 
22. Spin at maximum for 5 minutes 
23. Pour off supernatant, use 200 µL pipette to remove remaining supernatant 
24. Add 0.25 mL 70% EtOH 
25. Spin at maximum for 1 minute 
26. Pour off supernatant, use 200 µL pipette to remove remaining supernatant 
27. Air dry with lid open for 10 minutes, (optional) place in 37 °C incubator to air dry 
28. Re-suspend in 50-100 µL TE  
 
CTAB Reagents: 
2X CTAB     210 mL   Stock 
 100 mM Tris-HCL, pH 8  50 mL    1 M 
 1.4 M NaCL    140 mL   5 M 
 20 mM EDTA    20 mL    0.5 M 
 2% CTAB (cetrimonium bromide) 10 g 
 
CTAB Wash #1    500 mL   Stock 
 76% EtOH    380 mL   100% 
 0.2 m NaOAC, pH 5.2  33.4 mL   3 M 
 Water     86.6 mL 
 
CTAB Wash #2    500 mL   Stock 
 76% EtOH    380 mL   100% 
 10 mM NH4OAC   0.666 mL   7.5 M 
 Water     119.34 mL 
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7.5 M Ammonium Acetate 
 
70% EtOH  
 
100% EtOH 
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